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INTRODUCTION 
The use of microorganisms in genetic studies has greatly increased 
our knowledge of genetic structure and its regulation* Microorganisms 
have the advantage that they can be studied in extremely large popula­
tions, making possible the detection of a recombinational event between 
nucleotide pairs of a DNA molecule. One result of using a genetic 
analysis that can resolve structure at a molecular level is the dis­
covery of complex loci containing mutant sites that can be separated by 
recombination. This observation has extended the classical concept of 
a locus as being an indivisible unit to include ccmplex loci having sub-
unit structure. Complex loci have been studied in various species of 
bacteria and have been shown to be organized into regions of transcrip­
tion and regulation called opérons. An pperon contains one or several 
adjacent loci, each of which is occupied by a gene that transcribes an 
amino acid sequence for a specific protein (e,£., enzyme) together with 
a coordinating element or operator. Some opérons transcribe and regulate 
all of the enzymes for a particular biosynthetic pathway, whereas others 
may determine only a portion of a pathway. The sequence of genes in 
an pperon corresponds closely to the order of reactions in a pathway 
with the exception of the first enzyme being determined by the last gene 
in the sequence. Most of the genetic and biochemical analyses of opérons 
have been studied amongst members of the family Enterobacteriaceae. It 
would be of interest to extend this study to other species to compare 
biosynthesis and its genetic control. In this study. Staphylococcus 
aureus was chosen as it is a pathogen of man and animals. In addition, 
there is a great deal to be learned from genetic studies of S. aureus 
concerning metabolism. Only recently, in, 1958» has this organism been 
available for direct genetic analysis with the discovery of transduction. 
The biosynthesis of histidine and its genetic control has been 
selected for study because of the amount of information available from 
studies in other organisms. It is the specific aim of this study to 
(1) determine the metabolic pathway utilized by S. aureus for the bio­
synthesis of histidine and (2) to examine the histidine operon of S. 
aureus and to determine the degree of similarity of this operon to the 
histidine (ferons studied in other organisms. 
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REVIEW OF UTERATUEE 
Preliminary studies of histidine bio^jmthesis were concerned with 
demonstrating the ability of various animals to utilize cmpounds re­
lated to the essential amino acid L-histidine. An assunçtion used in 
these studies was that if a compound could satisfy a requirement for 
L-histidine» this same ccaçound mi^t also be a precursor of L-histidine. 
The rat, for example, was able to use N-acetylhistidine (Neuberger and 
Webster, 1946), D-histidine (Conrad and Berg, 1937)$ imidazole lactic 
acid (ILA) (Cox and Rose, 1926), and imidazole pyruvic acid (Harrow and 
Sherwin, 1926) in place of L-histidine. Because the compounds c£Ç)able 
of replacing L-histidine were believed to be formed only from L-histidine, 
the results of these studies provided no evidence of the biosynthetic 
pathway. 
One approach to the problem was to use tracers to indicate the 
possible origin of various atoms in the L-histidine molecule: 
These tracer studies were conducted in microorganisms that did not 
require exogenous L-histidine ait these organisms possess the entire 
bio^nthetic pathwey. Possession of the entire biosynthetic pathway 
would be required in order to recover, in the L-histidine molecule. 
(1)  
N 
I ^NH 
HCH (3) 
I 
COOH 
/ 
/ 
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radioactive atoms from all possible precursors. 
Levy and Coon (1951) studied the distribution of radioactivity in 
amino acids from cellular proteins of Saccharonyces cerevisiae grown in 
14 the presence of formate-C . These results indicated that only histidine 
had appreciable radioactivity and this was found in the 2-carbon at cm. 
Tabor, Mehler, Hayaishi, and VJhite (1952) also found that formate-
was incorporated into the 2-carbon atom of histidine by Pseudomonas 
fluorescens. 
In subsequent eocperiments, Levy and Coon (1952) grew S. cerevisiae 
on uniformly labeled glucose and non-labeled glutamic acid in an attençt 
to determine the origin of the five carbon chain of L-histidine. The 
resulting histidine was highly radioactive in the five carbon chain, 
indicating that this portion of the L-histidine molecule may cone direct­
ly from glucose. 
The investigations of Broquist and Snell (1949) provided a clue 
as to a possible precursor of L-histidine by showing that the purine 
requirement of Lactobacillus casei was reduced by the addition of 
histidine to the growth medium. This observation led Interna and 
Snell (1955) to study labeled purines as sources of atoms of the 
L-histidine molecule. These investigators found that the 2-
carbon atom of guanine was incorporated intb the 2-carbon atom 
of histidine. Magasanik (195^) extended these observations to 
Escherichia coli and determined that the ^ ^-^2 portion of histidine 
was derived from the 2-carbon atom and the attached 1-nitrogen atom of 
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guanine. Neidle and Waelsch (1959) found in E, coli that adenine was 
utilized more efficiently than guanine as a source of the 1-nitrogen 
atom of histidine. These investigators further showed that the 3-nitro-
gen atom of histidine was derived from the amide nitrogen atom of gluta-
mine. Recent studies of Moyed and Magasanik (i960) indicated that the 
adenine ring of adenosine tripho^hate (ATP) was the direct precursor 
of the N^-Cg portion of histidine. The adenine ring was cleaved, into 
two moieties: one part containing the 2-carbon atom and an attached 
1-nitrogen atom of adenine combined with ribose-5-phosphate to form 
imidazoleglycerol phosphate (IGP), a precursor of L-histidine (Ames and 
îfî.tchell, 1955); the rQJiaind.er of the adenine ring was converted to 
aminoimidazole carboocamide ribotide (AICAR) which was shown to be re­
converted to ATP. 
Tracer studies have provided consid.erable information concerning 
the origin of atcxns of the L-histidine molecule and evidence that the 
purines serve as precursors in histidine biosynthesis. However» these 
studies provided little information concerning the stepwise conversion 
of intermediates along the pathway. This information has been obtained 
by the methods of biochemical genetics, using mutants having genetic 
blocks affecting various steps in the biosynthetic pathway. 
Haas, Mitchell, Ames, and Mitchell (1952) isolated a series of 
histidine-d.ependent mutants of Neurospora crassa which represented five 
different loci. One mutant of each locus was studied for its ability 
to utilize some natural and synthetic imidazoles (imidazole, imidazole 
acrylic acid, imidazole lactic acid, dmi.dazole glyoxylic acid, imidazole 
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carbcsxylic add, imidazole aldehyde, methyl imidazole, aminoimidazole 
carboxamide, histamine, histidinol, thiolhistidine, 1-methyl histidine) 
in place of L-histidine. No stimulation of growth was observed with 
any imidazoles tested. In addition, one mutant of each locus was 
studied for the accumulatim of intermediates of histidine bioqrnthesis. 
An. assurption used in these studies was that a mutant would accumulate 
only those intermediates prior to a particular block in the bioqmthetic 
pathway. Accumulations present in culture filtrates were analyzed by 
ascending paper chromatogrsphy (Ames and Mitchell, 1952). No imidazoles 
were detected in culture filtrates of wild-type N. crassa, mutant C94, 
and mutant Cl40. Jfiitant C84 accumulated a compound with an of 0.48 
and a brown-violet color. Mutant C141 accumulated the same compound 
and, in addition, another compound with an of 0.65 and a red color. 
Matant T1710 accumulated a compound with an of 0.60 and a red color. 
These three coiiç)ounds were not chromatogr^hically identical to ary of 
the imidazoles used as standards. None of the confounds stimulated the 
growth of any other histidine-dependent mutant. 
Double mutants were produced in all possible combinations of mutants 
tested to provide evidence of a biochemical sequence. Mutants were 
arranged in order by a comparison of their accumulations with the 
accumulations of double mutants. It follows, that a conpound known to 
be accumulated by a mutant will not be produced if a gene is introduced 
that blocks a reaction earlier in the pathway, A tentative sequence of 
reactions based on these studies is as follows (Haas, Mitchell, Ames, 
and mtchell, 1952): 
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C140^ 
X C84 _ Y C141 ^  Z T1710 _ L-histidine 
C94 ^ ^ ^ ^ 
At about the same time as the studies in N. crassa were being con­
ducted, Vogel, Davis, and I-îingioli (1951) isolated L-histidinol from a 
histidine-dependent mutant of E. coli. Later, it was shown that L-
histidinol was identical to the imidazole accumulated by mutant T1710 of 
N. crassa, providing the first clue pertaining to the biosynthesis of 
histidine in this organism. 
Ames, Mitchell, and Mitchell (1953) identified the two compounds 
accumulated by mutant 014-1 as iraidazoleacetol (JA) and iraidazoleglycerol 
(IG); the compound accumulated by imitant C84 was identified as IG. None 
of these compounds could replace L-histidine and, therefore, were not 
considered to be the actual intermediates of histidine biosynthesis. 
Investigations were continued to find more complex imidazoles which 
might be the actual intermediates and impermeable to the mycelium of 
K. crassa. 
Ames and Mitchell (1955) succeeded in isolating the phosphate 
esters of each imidazole accumulated by mutants of N. crassa using 
techniques of ion.exchange chromatography. The compounds isolated from 
mutant C141 were imidazoleacetol phosphate (lAP), imidazoleglycerol 
phosphate (IGP), and histidinol phosphate (HP), while mutant C84 yielded 
IGP. None of these compounds stimulated the growth of any mutant. How­
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ever, the lack of stimulatimi was considered to be due to their iiiçer-
meability and not their failure to be the actual intermediates of 
histidine bio^thesis. The molecular structures of the phosphate 
esters were in agreement with that expected for precursors of L-histi-
dine. Vûth the discovery of the phosphate esters, a more conçlete 
pathway leading from IGP to L-histidine was proposed (Ames and îfi.tchell, 
1955): 
C140 . IGP C84 ^ lAP . HP Cl4l . 
—m— 
histidinol T1710 ^ L-histidine 
A number of investigators, interested not only in the biochemical 
aspects of these experiments but also the genetic control of enzyme 
synthesis, have examined the enzyme interconversions of the intermediates 
of histidine biosynthesis. Adams (195^» 1955) purified a diphosphopyri-
dine nucleotide (DPN)-dependent enzyme from yeast, Arthrobacter spp., 
and E. coli which converted L-histidind to L-histidine and which was 
not present in histidine-dependent mutants incapable of utilizing 
L-histidinol, Uiis enzyme was named L-histidinol dehydrogenase, Frcm 
wild-type N. crassa and mutant T1710» Ames and Horecker (195^) obtained 
an enzyme ïdiich catalyzed the reversible reaction; 
ZAP + glutamate HP" + «-ketoglutarate 
As expected with transaminase enzymes, treatment of this enzyme with 
Dowex-1 chloride and charcoal revealed a pyridoxal phosphate require­
ment for the reactiœ. 
From N. crassa, Ames (1957a) characterized an aizyme, L-histidinol 
phosphate pho^hatase, which catalyzed the hydrolysis of HP to L-histi-
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dinol and inorganic phosphate. Matant C141, which accumulated IGP, lAP, 
and HP, had less than two percent of wild-type activity of this enzyme. 
Ames (1957b) purified D-erythro-imidazoleglycerol phosphate dehy-
drase, the enzyme which catalyzed the dehydration of IGP to form lAP. 
This enzyme required manganese and a reducing agent such as mercapto-
ethanol for activity. 
Each of the enzymes catalyzing reactions from IGP to L-histidine 
has been examined in Salmonella typhimurium and all of them have been 
correlated with different genetic classes of hi stidine-dependent mutants 
(Ames, Garry, and Herzenberg, I96O). Matants which represented the B 
locus lacked activity for the IGP dehydrase and some of these mutants 
also lacked activity for the HP phosphatase (Loper, 19^1). Mitants 
which represented the C locus lacked activity for the lAP transaminase 
enzyme. Matants which represented the D locus lacked activity for the 
L-histidinol dehydrogenase enzyme. In addition, a number of multisite 
or deletion mutants were found that lacked more than one enzyme activity, 
depending upon the extent of alteration (Ames, Garry, and Herzenberg, 
I960). 
Reactions leading from purine bases to IGP, as inferred from tracer 
studies, were not known until recently, Ames, Martin, and Garry (19^1 ) 
working with S. typhimurium determined that the first step in the bio­
synthesis of L-histidine was the condensation of phosphoribosyl pyro­
phosphate (PRPP) and ATP to form phosphoribosyl-ATP (PR,-ATP) and pyro-
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phoq>hate. The enzyme catalyzing this reaction required magnesium and 
was named phosphoribosyl-ATP ï^ophosphorylase. The criterion for de­
fining the first enzyme of histidine biosynthesis is that the substrates 
of the reaction» PRPP and ATP, are both involved in many metabolic path­
ways and any mutant lacking activity of an enzyme before the pyrqphos-
phorylase would exhibit a multiple requirement. I&itants lacking this 
enzyme required only histidine for growth. 
Preliminary experiments of Moyed and Magasanik (I960) demonstrated 
the presence of a "compound III" that might be a precursor of IGP. A 
reaction between ATP and ribose-5-phosphate resulted in the formation 
of "ccnpound III" ^ iiich could be hydrolyzed in dilute mineral acid to 
AI CAR. Enzyme prQ)arations in the presence of glutamine produced both 
AI CAR and IGP at the expense of "compound III". The reactions between 
PEl-ATP and IGP have been further clarified by Smith and Ames (1964) who 
isolated a number of intermediates and enzymes of the intervening steps. 
The reaction sequence from PB-ATP to IGP has been postulated to be as 
follows ; 
PR-ATP , ^ PB-formimino-AI CAR-PP ^ PR-formimino-AICAR 
phosphoribulosyl-f ormimino-AI CAR ^ (X) 
^ AICAR + IGP 
The enzymes catalyzing the first two reactions have not been isolated. 
The third, fourth, and fifth reactions are catalyzed by an isoaiierase, 
an amido transferase, and a cyclase, respectively. 
A loss in activity of each of the enzymes catalyzing the reactions 
leading to the formation of IGP was correlated with histidine-d^endent 
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mutants representing different loci. Matants -which represented the G 
locus lacked activity of the PR-ATP pyrophosphorylase enzyme (Ames, 
Martin, and Gariy, 19^1). Matants lAich represented the I, E, A, H, 
and F loci lacked activity for the 2A, 2B, isomerase, amido transferase, 
and cyclase enzymes, respectively (Smith and Ames, 1964). 
Two mechanisms appear to regulate the synthesis of L-histidine: 
(1) L-histidine inhibition of the first enzyme and, (2) L-histidine 
repression of the synthesis of all the enzymes of histidine biosynthesis. 
Regulation of the activity of the first enzyme, PR^ATP pyrophosphorylase, 
by L-histidine was demonstrated by Ames, Martin, and Garry (1961). 
Inhibition of the activity of the first enzyme by L-histidine occurred 
by a mechanism analagous to feedback inhibition. Thereby the first 
enzyme of a pathway is inhibited by the end product of that pathway 
(Adelberg and Umbarger, 1953; Umbarger, 1956). L-histidine was remark­
ably specific in its ability to inhibit the pyrophosphorylase and vras 
non-conç)etitive -with the two substrates (Martin, 1963a), Martin con­
cluded that inhibition was due to the binding of histidine to a region 
of the pyrophosphorylase molecule not associated with the active center, 
resulting in a conformational change interfering with catalysis. L-
histidine did not inhibit the activity of HP phosphatase or L-histidinol 
dehydrogenase (Martin, 1963a). 
Recently, a number of mutants of S. typhimurium were isolated ^ ich 
were resistant to feedback inhibition by the histidine analogue 2-thia-
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zoie-KL-alanine (Sheppard and Hartman, 1963). This analogue mimics 
L-histidine in its inhibitory action on the first enzyme (Mcyed, 1961; 
Ames, Martin, and Garry, 1961). All feedback-resistant mutants were 
found to m^ within the G locus and possessed normal catalytic activity 
of the PR-ATP pyropho^horylase enzyme. The mutants differed, however, 
in the possession of enzymes having different levels of resistance to 
inhibition by L-histidine and their thermolability, 
Magasanik and Karibian (19^0) conducted experiments ^  vivo with 
E. coli and found that histidine biosynthesis was inhibited by L-histi-
dine. Strains grown in the presence of excess L-histidine failed to 
incoipopate the 2-carbon of adenine into histidine, but did incorporate 
this carbon atom into guanine in a molar ratio. 
A second mechanism, referred to as enzyme repression, regulates 
the qmthesis of enzymes of a bio^ynthetic pathway (Cohn, Cohen, and 
Monod, 1953). The rate of synthesis of all enzymes d^ends upon the 
size of the pool of an end product of a biosynthetic pathway. Ames and 
Garry (1959) investigated the repression of the synthesis.of the last 
four enzymes of the histidine biosynthetic pathway in S. typhimurium. 
ICP dehydrase, lAP transaminase, HP phosphatase, and L-histidinol 
dehydrogenase were all found to be affected to the same extent. In any 
extract, no matter how the cells were grown, there was a constant ratio 
of the activity of one enzyme to another. ^ growing mutants in the 
presence of small amounts of L-histidine, the cellular concentration of 
the enzymes tested was increased 30-fold over that of the wild-type or 
mutant strains grown in the presence of excess amounts of L-histidine. 
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Genetic studies were conducted in several different microorganisms 
to determine the fine structure and distribution of loci concerned with 
histidine biosynthesis. Attempts to isolate histidine-dependent mutants 
of N, crassa met with considerable difficulty. Beadle and Tatum (19^5) 
were not able to recover a single mutant throughout a series of several 
experiments. Lein, Mtchell, and Houlahan (19^8) succeeded in isolating 
one histidine-dependent mutant of N. crassa. As the result of an ex­
tensive study, Haas, Mitchell, Ames, and M.tchell (1952) showed that the 
failure to isolate histidine-dependent mutants was due to the inhibition 
of the growth of mutants by certain amino acids present in the culture 
medium, Ey adjusting the amino acid content of the culture medium, 
these investigators isolated an additional six histidine-dependent 
mutants of N. crassa. The compatibility of mutant strains was checked 
by the formation of heterocaryons (Beadle and Coonradt, Asco-
spores, when ripe, were allowed to germinate on solid minimal medium to 
distinguish mutant spores from wild-type spores of each aseus tested. 
Since both members of each cross are mutants, any vjild-type spore must 
be the result of a genetic recombination and the genes of the parents 
must, therefore, have different loci. Linkage was examined in these 
crosses by scoring the frequency of different asci classes. The classes 
scored were those having 8 mutant spores, those having 6 mutant and 2 
wild-type spores, and those having 4 mutant and 4 i-dld-type spores. 
Evidence for the linkage of two genes was found in those crosses 
showing a higher proportion of asci having eight mutant spores 
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than asd having both mutant and wild-type spores. The results of this 
analysis indicated that mutants C84, C85, and C91» which accumulate TG 
and IGP, were alleles. Mutants C94 and 0140, idiich failed to accumulate 
imidazoles, were linked but not allelic. Mutant T1710, which accumulated 
histidinol, was also linked to mutants C94 and C140 and positioned very 
close to the latter. Mutant C141, which accumulated IG, IGP, lA, lAP, 
and HP, was not linked to any other mutant tested. The histidine-
dependent mutants were also crossed to other known mutants to determine 
their placement into recognized linkage groups (Houlahan, Beadle, and 
Calhoun, 1949). 
The studies of Webber and Case (i960) with N. crassa extended the 
number of mutants to over 700, including two new biochemical groups. 
Mutants in these new groups failed to accumulate Pauly-positive imid­
azoles (Pauly, 1904) but did accumulate Bratton-Marshall-positive 
cciiç)ounds (Bratton and Marshall, 1939)» indicating the presence of 
diazotizable amines (e.£., AI CAR). Representative mutants (redesignated 
hist-1 through hist-7) from each of the seven biochemical groups were 
analyzed for their linkage relationships and position with respect to 
certain markers. 
Hist-1 mutants, which accumulated IG and IGP and lacked activity 
for the IGP dehydrase enzyme, were assigned to linkage group V. The 
hist-1 locus was located between the iv-1 and inos loci. 
Hist-2 mutants, ^ Aich failed to accumulate Pauly-positive imid­
azoles or Bratton-Marshall-positive cœçounds, were assigned to linkage 
group 1. The hist-2 locus was located in the right arm of chrcmosome I 
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between the arg-3 and nio-2 loci. 
Hist-3 imitants, divided biochemically into subgroup (2) which accu­
mulated histidinol and subgroup (b) vriiich failed to accumulate Pauly-
positive imidazoles or Bratton-Marshall-positive compounds, were assigned 
to linltage group 1. Webber (I960) showed that mutants of subgroup (a) 
lacked activity for the L-histidinol dehydrogenase enzyme, whereas mu­
tants of subgroup (b) lacked activity for an enzyme which catalyzes a 
reaction from PRr-ATP to IGF. The hist-3 locus could not be genetically 
resolved into two functional loci. This locus was located in the right 
arm of chromosome I between the arg-3 and nic-2 loci, but closer to the 
nic-2 locus than was the hist-2 locus. De Serres (unpublished) indicated 
that the lys-^ locus was situated between the hist-2 and hist-3 loci, 
ruling out the possibility of a long continuous histidine region. 
Hist-4 mutants, vùich accumulated IG, IGF, lA, lAP, and HP and lacked 
activity for the HP phosphatase enzyme, were assigned to linkage group IV. 
The hist-^ locus was located at a position distal to the cot locus. 
HLst-5 mutants, vihlch accumulated the same intermediates as hist-4 
mutants, were not studied as to their linkage relationship to other 
known mutants. Preliminary studies indicated that hist-4 and hist-5 
mutants were not linked, 
Hist-6 mutants, lAiich accumilated Bratton-Marshall-positive com­
pounds, were assigned to linkage group IV. The hist-6 locus was located 
further from the pan-1 locus than was the hist-4 locus. 
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Hist-7 mutants, -vdiich also accumulated. Bratton-Marshall-positive 
compounds, were assigned to linkage group III, The hist-7 locus was 
located close to the tryp-1 locus, 
KLopotowski (unpublished) isolated histidine-dependent mutants of S, 
cerevisiae representing seven independently segregating loci (hi^, hi^, 
hi^hi^, hi^, hi^, hi^, hi^highi^Q)-, Enzyme studies with mutant hi^ 
indicated a lack of PR-ATP pyrophosphorylase activity. 
In contrast to the wide distribution of histidine loci throughout the 
genome of fungi, a cluster of four adjacent histidine loci was found in S. 
typhimurium (Hartman, 195^)* This study was extended over a period of 
time to about 1,000 histidine-dependent mutants (Hartman, Loper, and 
Serman, 196O; Ames and Hartman, 1962; Ames and Hartman, 1963). By means 
of complete transduction using the bacteriophage PLT-22, a genetic map of 
the histidine operon was constructed which showed a total of eight adja­
cent loci in a sequence E, F, A, H, B, Ç, D, G, The order of loci cor­
responded closely to the sequence of reactions in the histidine pathway, 
with the noted exception that the first reaction was determined by the 
last gene, 
Hartman, Loper, and Serman (I96O) used three techniques to deter­
mine the order of mutant sites within genes and the order of genes on a 
chrcmosome map, as follows; 
( 1 ) Multisite mutant analysis, M.tisite mutants were identified 
by their failure to revert to prototrophy and also by their failure to 
give detectable numbers of wild-type recombinants with two or more 
17 
mutants lAioh exhibited recombination in reciprocal tests -with one 
another. A series of overlapping multisite mutants were used to 
connect, in a sequence, the loci not shared by each other. This method 
has a very limited use in preliminary studies using small numbers of 
mutants due to the infrequent occurrence of multisite mutants, 
(2) "Best-fit" method. In crossing a number of histidine-dependent 
mutants in all possible combinations it was expected that the number of 
wild-type recombinants on minimal medium would indicate the distance be­
tween mutant sites involved, those further apart producing relatively 
more recombinants. The "best" sequence of mutant sites was determined 
fran the recombination frequencies of each donor and recipient column in 
the reciprocal transductional analysis. Several sources of error were 
inherent in this method; (a) a large number of independent variables 
might influence absolute transduction frequencies such as phage titer, 
phage transducing potency, multiplicity of infection, plating conditions, 
and the physiological state of the organisms; (b) different alleles might 
exert specific effects on recombination probabilities. Because of the 
extent of error possible in this method, Hartman, Loper, and Serman 
(1960) considered the "best-fit" method useful only for mapping mutant 
sites separated by large distances, such as in different loci. The meth­
od has very little value for use in intragenic mapping of mutant sites. 
(3) The ratio test. The ratio test -vjas considerably more precise 
than the "best-fit" method as it was based on a ratio of different re-
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combinant classes rather than on absolute frequencies. The ratio of 
one recombinant class to another was shown not to be effected by vari­
ables present in the experiment. The distance separating two mutant 
sites was determined bry the Arequenqr of independent transductions to 
total transductions (independent + joint transductions). Independent 
transduction was evident by the presence of large prototrophic colonies. 
Joint transduction was inferred by the presence of small colonies pos­
sessing the donor genotype (donor-type). Donor-type colonies were 
observed only if a utilizable precursor of L-histidine vjhich did not 
stimulate the growth of the recipient strain was present in the medium. 
The D mutants were of particular value as recipients in this method as 
th^ secreted histidinol into the medium and could therefore stimulate 
all other mutants used as donors. The relative distance of mutant sites 
to the D locus was calculated fcy the ratio of prototrophic colonies to 
the total transductants; however, a sequence of mutant sites could not 
be determined this method alone, as mutant sites on either side of 
the D locus would give the same ratio. 
The final construction of the genetic map of the histidine operon 
was done by the use of all three methods discussed (Hartman, Loper, and 
Serman, I960). 
By the technique of abortive transduction, Hartman, Hartman, and 
Serman (I960) determined the functional relationships of over 200 
histidine-dependent mutants of S. typhimurium. The results of the 
analysis divided the histidine-dependent mutants into seven classes 
designated A through G. Unexpectedly, complementation was found in 
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intragenic tests involving the E, B, and D genes. The E gene was con-
posed of four complémentation units (a, b, c, d) as was the B gene. 
"The D gene was conçosed of two complémentation units. Loper (i960, 
1961 ) analyzed the B gene in more detail and found that 23 mutants of 
the Be coDÇlementation unit lacked both the IGP dehydrase and HP phos­
phatase enzymes, whereas a large number of Ba, %, and Bd mutants lacked 
only the IGP dehydrase, Lpper (I96l) concluded that each complementation 
unit of the gene may determine a peptide chain vàich may unite together 
with other peptide chains determined by the other complementation units 
to form a polymeric enzyme. The loss of IGP dehydrase and HP phospha­
tase activities by mutation of the Be ccmplonentation unit was considered 
to be evidence of a biftinctional enzyme. 
The observations that the histidine genes were in a cluster on the 
chrcanosorae of S. typhimurium, and that all of the histidine bioqrnthetic 
enzymes were coordinately repressed, led Ames and Hartman (1962) to 
suggest that a repressor might act on a single control point of the 
chromoscme and determine the activity of the entire group of histidine 
genes as a unit. In support of this hypothesis were the characteristics 
of three unusual histidine-dependent mutants. These mutants differed 
from all others as they lacked all of the histidine biosynthetic enzymes, 
even though all but one gene was outside the mutated region. In addi­
tion, the mutants could not conçlement other mutants representing genes 
outside the mutated region. All three mutants were located in a part 
of the G gene and might extend into the region to the "right" of this 
gene. 
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Jacd), Perrin, Sanchez, and Monod (196O) studied the g-galactosidase 
system of E. ccQ.i and concluded that repression was effected at the gene 
level, through an operator site tdiich controls the structural genes of 
the operon. The data presented by Ames and Hartman (1962) were consis­
tent with this hypothesis, because the three unusual deletion mutants 
were similar to 0° operator mutants of the # -galactosidase system. 
Regulation of the histidine genes was shown to change as a result 
of further deletion to the "right" of the G gene and by translocation 
of a portion of the histidine operon (pi segment), containing genes E 
through D, into an episome-like element (Ames, Hartman, and Jacob, 
1963). These alterations restored the functionality of the histidine 
genes, which were inactive in the operator mutants. The normal function­
ing of the histidine genes was considered to be due to their connection 
to other genetic structures to lAich th^ have been subjected. 
With the discovery of polarity mutants, Ames and Hartman (1963) 
proposed a new concept of the operator and control mechanisms of histi­
dine biosynthesis. Polarity mutants lacked a specific enzyme as was 
expected, but, in addition, possessed lowered enzyme activities of all 
enzymes controlled by genes on the "left" side of the mutated gene. 
Genes to the "right" of the mutated gene produced normal amounts of 
enzyme. The transcription affected by these mutants appeared to start 
from the operator end of the operon and proceed to the "left". Martin 
(1963b) presented evidence that the entire histidine operon is trans­
lated by a poUycistronic messenger RNA xdiich is read from "ri^t" to 
"left" by the ribosomes. He obtained a sedimentation coefficient of 
J 
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34s for the histidine messenger RNA; this is a close approximation to 
the estimated value of 38S for the amount of messenger RNA required to 
translate the nine genes of the histidine operon. Operationally, a 
polarity mutant in the terminal gene would appear similar to an 0° 
operator mutant. A mechanism, known as modulation, was proposed by Ames 
and Hartman (1963) to account for the polarity data. mutation it was 
expected that coding triplets of the DNA might be altered in such a man­
ner as to no longer code for an amino acid. The altered triplet might 
act as a modulating triplet, lAich on the messenger RNA would cod.e for a 
S-RMA species which could effect the ribosomes in the reading process. 
When the ribosome, reading the messenger, comes to a modulating triplet, 
the particular modulater S-RMA could cause the ribosome to have a high 
probability of falling off the messenger RNA. Thus, the reading to the 
"left" of the modulating triplet would be less frequent than to the 
"right". 
Recent studies of Ames and Hartman (unpublished) have indicated 
that the sequence of genes in the histidine operon does not have to 
correspond to the sequence of enzymes of the pathway but rather to the 
number of molecules of each enzyme made. The results of these studies 
showed a decrease in the quantity of enzyme synthesized from the "right" 
end (G gene) of the histidine operon to the "left" end. This observation 
was in accord with the modulation model of Mes and Hartman (19^3) and 
indicated the presence of natural modulating triplets on the messenger 
MA of wild-type and mutant strains of S« typhimurium. 
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Ephrati-Elizur, Srinivasan, and Zamenhof (196I) used DNA preparations, 
by means of transformation, to stucfy the histidine operon in Bacillus 
subtilis. A genetic map of twelve mutant sites was constructed by 
reciprocal transformation techniques, assuming the frequency of result­
ing wild-type colonies was a function of the distance between two mutant 
sites. Twelve histidine-dependent mutants represented two loci, hisA 
and hisD. HisA mutants failed to accumulate Pauly-positive imidazoles. 
HisD mutants accumulated Pauly-positive imidazoles, which were not iden­
tified, and were not stimulated by L-histidinol, Because mutants of the 
hisA locus were not closely linked to mutants of the hisD locus, it was 
believed that the region between these loci might be occupied by loci 
controlling other steps in the biosynthetic pathway of L-histidine. 
Zara (1964) conducted preliminary studies with sixteen histidine-
dependent mutants of Staphylococcus aureus. Several different phages 
ware tested for their ability to transduce the his"*" marker in strain 
655. The results of these studies indicated the maximum frequency of 
transduction of his"** was obtained with bacteriophage 83. By means of 
complete transduction using bacteriophage 83, a genetic msç) was con­
structed l'Alich showed the sequence of ten mutant sites. 
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MTERIMiS AND METHODS 
Media 
The media used in this study included brain heart infusion (BEI, 
Difco) agar, trypticase soy agar (TSA, Baltimore Biological Conçany), 
P and D broth (nutrient broth containing 0.2$^ K^HPO^^ and 0.2$^ dextrose), 
P and D agar and soft agar (P and D broth containing 1.5 and 0.4^ agar, 
respectively), and a synthetic broth (S broth). The conçosition of S 
broth is shown in Table 1, Several types of media were derived ft"cm S 
broth, and included S agar (S broth containing 1.5# Noble agar, Difco), 
enriched S agar (ES agar, S agar containing 1^5 (v/v) P and D broth), 
and a derepression medium (S broth supplemented with 2 ug/ml of L-histi-
dine or L-histidinol). Stock solutions of each amino acid were prepared 
in deionized water at 100X the final concentration in the synthetic 
medium. Concentrated HCGL (0.85 ml) was added to the stock solutions 
of L-a^artic acid and L-qystine. A stock solution containing niacin 
and thiamine was prepared in deionized water at 1000X the final concen­
tration in the synthetic medium. All stock solutions were autoclaved 
at 121 C for 10 min and stored at 4 C *Aien not in use. 
A glucose-salts medium (E medium) of Vogel and Bonner (1956) was 
used in all biochemical studies using histidine-dependent mutants of 
Salmonella typhimurium. The glucose-salts derepression medium was made 
by the addition of 3 ug/ml of L-histidine to the E medium. 
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Table 1. Composition of synthetic broth 
Component Concentration (mg/liter deionized water) 
K2HP01J, 7,000 
KH2P04 2,000 
Sodium citrate.5H2O 500 
MgS04.7H20 100 
(NH4)2S04 1,000 
Glucose^ 4,000 
Glycine 50 
L-Glutamic acid 100 
L-Aspartic acid 90 
L-Serine 30 
L-Methionine 3 
L-Cystine 20 
L-Alanine 60 
L-lysine.HCl 50 
L-Arginine,HCl 50 
L-Threonine 30 
L-Phenylalanine 40 
L-Tryptophan 10 
L-Leucine 90 
L-Isoleucine 30 
L-Proline j 80 
L-Valine 80 
Niacin 1 
Thiamine.HCl 1 
^(xLucose was added aseptically following autoclave sterilization of 
the ^mthetic medium. 
All glassware used in conjunction with synthetic media were cleaned 
in a chromic acid solution followed by thorough rinsing, 
I 
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Bacterial Strains 
With certain exceptions, this stucfer was conducted exclusively T<ith 
strain 655 of Staphylococcus aureus» The majority of the histidine-
d^endent mutants were derived from a penicillinase-defîcient mutant of 
strain 655t although a limited number were obtained directly from strain 
655* Unless of inçortance, both parent strains will singjly be referred 
to as strain 655, there being no significant difference between them 
except for their ability to elaborate penicillinase. This strain was 
of human origin and is susc^tible to lysis tçr phages 29 . 52A, 79» 7» 
83» 47, 53» 54, 73» and 77 of the International Typing Series (Pattee 
and Baldwin, 19^1). 
Histidine-dependent mutants (hisE-11, hisF-4l, hisA-3» hi3H-107» 
hisB-456, hisC-2, hisD-494, and hisG-46) representative of each locus 
of the histidine operon of S» typhimurium were obtained from Dr. Philip 
E. Hariman, Johns Hopkins University. (Riese mutants have been described 
previously in detail (Hartman, L(^er, and Serman, 19^0). 
All stock cultures were maintained on BHI agar slants in screw-cap 
tubes and stored at 4 C. Working stock cultures were prepared by inoc­
ulating BHE agar slants in cotton-plugged tubes and incubating then for 
12 hr at 37 C. Working stock cultures were stored at 4 C for a maximum 
period of one week. 
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standard Conditirais and Equipment 
Throughout this study, the shaking of cultures was done in a 37 C 
water bath with the aid of a Burrell Wrist-Action Shaker at settings 
indicated by the particular experiment. ' The growth of cultures was 
measured in a Bausch and Lcmb Spectronic 20 Colorimeter, All incubations 
were performed at 37 C. 
Bacteriophages 
Bacteriophages 29, 52, 52A, 79 , 80 , 81, 6, 7, 83, 42B, 47C, 47, 
53, 54, 70, 73» 75, 77, and 44A of the International Typing Series were 
employed to determine phage typing patterns. îhese phages and the 
methods of maintaining and using them for the determination of phage 
typing patterns have been previously described (Pattee and Baldwin, 
1961). Phages were maintained as high titer lysates in P and D broth 
stored at 4 C. 
In all instances, phages were propagated by a modification of the 
agar-layer technique of Swanstrom and Adams (1951). A 12-hr BHI agar 
slant culture of the propagating strain was suspended in 1 ml of P and 
D broth. Aliquots of 0.2 ml of the suspension were added to tubes 
containing 3 inl of md.ted, cooled (45 C) P and D soft agar. Each tube 
of P and D soft agar then received O.15 ml of the appropriate phage 
lysate (4.9 X 10^^ plaque-forming units (pfu)/ml). The contents of 
each tube were mixed and poured as a uniform layer on a P and D agar 
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plate. After solidification of the soft agar, the plates were incubated 
in the upright position. After 5-6 hr, the soft agar layer was thor-
ou^ily homogenized in 8 ml of P and D broth with the aid of a 10 ml 
pipette. The hanogenate was then centrifUged for 10 min at 1,000Xg, 
and the supernatant fluid passed through an 02 Selas filter (Selas 
Corporation of America) with the aid of a syringe and needle. The 
sterile lys ate was aseptically transferred to a sterile screw-capped 
tube and stored at 4 C. This lysate usually had a titer of 1.3-1.8 X 
10^^ pfu/ml. 
The titer of a phage lysate was determined using the strain of 
S. aureus on idiich the phage was propagated. Serial 100-fold dilutions 
of the lysate (from 1:100 through 1:100,000,000) were prepared in 10 ml 
P and D broth dilution blanks. The appropriate strain of S. aureus, 
grown on a BEE agar slant for 12 hr, was suspended in 5 "ù. of P and D 
broth. One drop of this suspension was added to each tube of melted, 
cooled P and D soft agar. Each tube then received 0.1 ml of the ap­
propriate phage dilution. Each suspension was gently mixed and poured 
as a uniform layer on P and D agar plates. After solidification of 
the soft agar layer, the plates were incubated in the upright position. 
After 8 hr, the plaques were counted and the phage titer calculated. 
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Isolation of Matants 
Histidine-dependent imitants of strain 655 of S. aureus were induced 
by ultra-violet irradiation. A 12-hr BSE agar slant culture of the 
parent strain was used to inoculate two tubes, each containing 5 ml of 
S broth. Cultures were shaken for 12 hr at a shaker setting of 7. The 
cultures were then transferred to centrifuge tubes, centrifiiged for 15 
min at I.OOOXg, and the supemates discarded. The resulting packed 
cells were resuspended in 5 nil of physiological saline. Both suspen­
sions were homogenized repeated passage throu^ a 10 ml pipette 
and combined in an open, flat-bottcm petri dish (100 mm dia. ). This 
suspension was exposed, viith constant agitation, to the irradiation from 
a 30 watt General Electric germicidal UV lamp at a distance of 85 cm 
for 45 sec. 
Histidine-dependent mutants were selected from the irradiated 
suspension by a modification of the penicillin selection technique of 
Davis (1949) and Lederberg (1950)* Two tubes, each containing 5 ml of 
S broth, were inoculated with 0.1 ml of the irradiated suspension. %e 
cultures were then shaken for 5 hr at a shaker setting of ?• At the 
end of this period, penicillin G (1 unit/ml) was added to both tubes, 
which were then shaken at a shaker setting of 7 for an additional 26 
hr. Cultures were transferred to conical polyprppylsne centrifuge tubes 
and centrifuged for 20 min at 3,400Xg. The resulting packed cells were 
resuspended in 5 ml of physiological saline, centrifuged, and resus-
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pended. In 3 ml of physiological saline. A total of 55 TSA agar plates 
were each inoculated with 0.1 ml aliquots of a 10"^ dilution of the 
washed cell suspension. An equal number of TSA agar plates were 
inoculated with 0,1 ml aliquots of a 10" dilution of this suspension* 
Plates were incubated for 24 hr and used to inoculate TSA and 8agar 
plates by means of the r^lica plating technique of Lederberg and 
Lederberg (1952). Afbor incubation of the replicate plates for 24 hr, 
the colonies were examined for tentative histidine-dependent mutants. 
Tentatively identified histidine-dependent mutants were picked with a 
sterile needle and were streaked on a TSA agar plate. One well-
isolated colony was selected from each plate and subcultured for 
further use in identification. The phage typing pattern was detennined 
for each mutant. Those isolates \iiich exhibited a phage typing pattern 
similar to the parent strain were further tested to determine their 
requirement for L-histidine. S agar plates were spread with a 0.1 ml 
g 
aliquot of a suspension of an isolate (about 1 X 10 cells/ml). Several 
crystals of L-histidine were then placed in the center of the plate 
with the aid of a toothpick. The plates were then incubated for 24 hr 
and examined for evidence of growth. 
In addition to the histidine-dependent mutants isolated in this 
study, sixteen histidine-dependent mutants were used that were isolated 
by Zara (1964). These were designated as his-1, -2, -5, -6, -7, -8, 
-10; -11 » -12, -13» -14, -15» -1&» -17» -19» -20» 
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Biochonical Studies 
All histidine-dependent matants were examined for their ability to 
utilize L-histidinol in place of L-histidine by the same methods used 
to deteiraine the histidine-dependent nature of the matants. Each mutant 
and the parent strain were analyzed for the accumulation of intermediates 
of histidine biosynthesis in the growth medium. Cultures of each strain 
were grown on BEE agar slants for 12 hr. Each culture was used to in­
oculate tubes containing ^  ml of S broth supplemented with 20 ug/ml of 
n 
L-histidine (initial cell concentration about 10 cells/ml). Suspen­
sions were shaken at a shaker setting of 3 for 12 hr. A 0.1 ml aliquot 
of the suspension was transferred to tubes COTitaining 5 ml of der^res-
sion medium. Mitants that were incapable of utilizing L-histidinol were 
transferred to derepression medium containing L-histidine, whereas mutants 
capable of utilizing L-histidinol were transferred to derQ)ression 
medium containing L-histidinol. Der^ression cultures were shaken at 
a shaker setting of 3 for 72 hr, at idiich time thqy were transferred to 
conical polypropylene centrifuge tubes and centrifUged for 15 min at 
3,400Xg. The supemates were poured into shell vials and lycphilized. 
The dried supemates were then reconstituted in 0.2 ml of deionized 
water. Apprcocimately O.O3 ml of the reconstituted supernate was ^plied 
as a spot (2 mm dia.) to Whatman No. 3MM filter ps^er for ascending 
chromâtograply. Three chranatograms were prepared from each mutant and 
each chromatogram was developed in one of the following solvent systems: 
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t»butanol;50^ formic acid (7:3) (Ames and Mitchell, 1955)î n-butanol; 
2N (saturated) (Block, Durrum, and Zweig, 1958)î and n-propanol: 
0,2N NH^ (3:1) (Ames and Mitchell, 1952)» Chrcmatograms were developed 
in each solvent qrstem for about 2-2.5 hr, until the front was 15 cm 
from the origin, Chrcmatograms were dried in air at room teaagjerature 
for at least 2 hr and thai sprayed with a diazosulfanilic acid reagent 
followed by % Na^CO^ according to the modified Pauly technique of 
Ames and Mitchell (1952). 
Supernates of histidine-d^endent mutants of S. typhimurium, used 
as standards (see Hartman, Leper, and Serman, I960), were prepared by 
the same procedure described for strains of S. aureus, but by using E 
medium. 
Chemical standards used were L-histidine, L-histidinol, L-tyrosine, 
aminoimidazole carboxamide riboside (AICA Riboside), aminoimidazole 
carboxamide (AICA), and IG and ILA (obtained from Dr. Philip E. Hartman). 
Transduction 
The transduction procedure employed was a modification of the 
method used by Zara (19^4). Recipient strains were grown on BHE agar 
slants for 18 hr and then suspended in 1.0 ml of P and D broth (5-7 X 
10^^ cells/ml). A 0.5 ml aliquot of the suspension was transferred 
to a centrifuge tube containing 1.0 ml of P and D broth. To this sus­
pension was added 0.5 ml of the transducing phage lysate (1.3-1*8 X 
/ 
11 
10 pAi/mL) lAich was adjusted to give a multiplicity of infection of 
2.5 to 3.0. Controls were pr^ared in an identical manner, but with 
the substitution of 0.5 ml of P and D broth for the phage lysate. The 
suspension was shaken at a shaker setting of 10 for 30 min. The 
transduced su^ension was then centrifuged for 10 min at 1,000Xg and 
resuspended in 1 ml of physiological saline. A O.5 ml aliquot of the 
suspension was transferred to a 4.5 ml physiological saline dilution 
blank to give a 10"^ dilution. ALiquots of 0.1 ml of the diluted 
suspension were spread on duplicate ES agar plates. After 48 hr of 
incubation, prototrophic colonies (ccnçlete transductants) were scored. 
A 0.1 ml aliquot of the concentrated suspension was spread on an S agar 
plate and after 48 hr of incubation, the presence or absence of minute 
colonies (abortive transductants) was noted. 
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RESULTS 
Selection and Designation of Mutants 
Sy means of the replica plating technique, a total of I87 presumed 
auxotrqphs were isolated and submitted to fVirther testing. Of these 
mutants, one was discarded because it possessed a phage typing pattern 
different from that of strain 655. Twenty-six of the original isolates 
grew extensively on S agar and where discarded. Eighty-five of the 
isolates failed to grow on S agar unless L-histidine was added. Of the 
remaining 75 mutants, -vdiich failed to grow on S agar, even in the pres­
ence of L-histidine, 3^ were found to require one or more purines, 
Fourty-one isolates failed to grow in the presence of L-histidine or 
purines and ranained unidentified. It was expected that, in addition 
to the histidine-dq)endent mutants, a variety of purine, pyrimidine, 
and vitamin-dependent mutants would be selected by the replica plating 
technique, as purines, pyrimidines, and some vitamins were not present 
in the S agar. 
The histidine-dQ)endent mutants were designated according to the 
sdieme of Hartaan, Loper, and Serman (196O). For exaimple, the require-
mait for L-histidine is denoted by the prefix his and the biochemical 
phenotype and locus are denoted by the addition of a capital letter 
(e.£., hisA, hisB, etc.). If the locus is divided into complementation 
units, these units are designated by the addition of small letters 
I 
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(e.g., hisAa, hisAb, etc.). The order of isolation of each mutant has 
been indicated by numbers (e.£,, hisAb-1, hisB-2, etc.). 
Biochemical Studies 
"Rie accutmilation of intermediates of histidine biosynthesis by 
each histidine-dependent mutant was determined to elucidate the bio-
çynthetic pathway of L-histidine utilized by Staphylococcus aureus and 
to classify each mutant according to a biochanical phenotype. Histidine 
intermediates were identified by ascending paper chromatography using a 
variety of solvent systems and sprays, including those employed by Mes 
and Mitchell (1952, 1955). The solvents and spray reagents which were 
used in the final characterization of Pauly-positive histidine inter­
mediates, and the and colors of these intermediates are described 
in Table 2, Because all of the histidine-dependent mutants, as well as 
the parent strain, accumulated a compound chrcmatogr^hically similar 
to L-tyrosine, a butanol; ammonia solvent system was developed to 
resolve tyrosine fran the IG accumulated by hisB mutants. None of the 
solvent systems used was capable of adequately resolving lA ftcm 
histidinol. However, a color distinction between IA and histidinol 
was made by using a sulfanilamide reagent (Block, Durrum, and Zweig, 
195s). The phosphorylated histidine intermediates (lAP, IGP, and HP) 
could not be identified in supemates of S. aureus because of their 
low Rj. values, %hich placed than in an area of non-specific material 
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Table 2. Characterization by ascending paper chromatography of Pauly-positive compounds ac 
Staphylococcus aureus and Salmonella typhimurium 
Solvents and spray r 
Compound t-butyl alcohol: 50% formic 
C7:3) 
acid n-propyl alcohol; 0. 
C3:n 
diazo reagent^ diazo reagent sulfa 
color (1) color (2) %f color (1) color (2) 
AICA pink blue .28 pink-orange blue F 
AICA Riboside pink red-violet .20 pink-orange gray-blue F 
IG - olive .37 - brown ye 
lA - red .40 - red-brown 
ILA - pink-red .35 - red 
Histidinol - red-orange .37 - pink-red 
Histidine^ - red .14 - red 
Tyrosine - orange .45 - orange y< 
^Chromatograms were first sprayed with diazosulfanilic acid to produce color (1) and i 
color (2). The failure to produce color (1) is indicated by the symbol 
^Histidine is accumulated by the parent strain only. 
ounds accumulated by histidine-dependent mutants of 
spray reagents 
:ohol; 0.2N ammonia n-butyl alcohol; 2N ammonia 
(3:1) (saturated) 
sulfanilamide reagent diazo reagent 
color Rf color (1) color (2) Rf 
pink-orange .40 pink-orange blue .25 
pink-orange .28 pink-orange gray-blue .09 
yellow-brown .42 - brown .18 
red .54 - red-brown .38 
red .27 - red .05 
yellow .58 - red .42 
yellow .21 - red .05 
yellow-orange .36 - orange .10 
(1) and then sprayed with a 5% solution of Na2C02 to produce 
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and pigments. 
A number of studies were undertaken to determine which cultural 
conditions supported the maximum accumulation of unphosphorylated 
histidine intermediates (e.£., AICA Riboside and histidinol). The most 
critical condition affecting the quantity of accumulations was found 
to be the concentration of L-histidine or L-histidinol used in dere-
pressed cultures. The optimum concentration of L-histidine or L-
histidinol in derepressed cultures was 2 ug/ml; accumulations decreased 
rapidly at levels above this amount (Table 3)» Mutant hisAb-1 produced 
greater quantities of AECA Riboside in the presence of L-histidinol 
than with equal amounts of L-histidine (Tables 3 and 4). 
Adenine, guanine, xanthine, and inosine were added to derepressed 
cultures to determine if these compounds would increase the quantity 
of accumulations by increasing the growth of hi stidine-dep endent mutants. 
Since some of the mutants might be blocked at reactions before IGP, thus 
preventing the recycling of AECAR to purines (Ames, Martin, and Garry, 
1961 ; Mcyed and Magasanik, 196O), it was felt that a partial purine 
requirement might result, requiring the addition of purines for optimum 
growth. The results of this study were not consistent among several 
experiments, although occasionally an increase in growth and accumula­
tions was observed in the presence of 2-5 ug of inosine/ml. 
The length of time that derepressed cultures were incubated had a 
marked effect on the amount of accumulations. Accumulations were maxi-
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Table 3. The effect of the amount of L-histidine and L-histidinol 
present in cultures of histidine-dependent mutants of 
Staphylococcus aureus on the accumulation of histidine 
intermediates 
Mutant strain Amount of L-histidine 
or L-histidinol (ug/ml) 
present in S broth 
Amount of accumulation of 
histidine intermediate ; ^ 
AICA Riboside IB.stidinol 
hisAb-1 L-histidine 0 
-
1 + 
2 ++ 
4 -
L-histidinol 0 
-
1 + 
2 
4 
6 
+++ 
+ 
+ 
hisH-S L-histidine 0 -
1 + 
2 ++ 
4 -
®Tfhe amount of accumulations is designated as follows; - none; 
t detectable; + moderate; ++ intense; +++ very intense. 
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Table 4. The effect of the time of incubation of derpressed cultures 
on the accumulation of histidine intermediates histidine-
dependent mutants of Staphylococcus aureus 
Mutant 
strain 
L-Histidine 
or L-Histidinol 
(2 ug/ml) present 
in S broth 
Time of 
incubation 
(hr) 
Amount of accumulation of 
histidine intermediate:^ 
AICA Riboside Ristidinol 
hisAb-1 L-histidine 24 -
48 ++ 
72 +H-
96 +f+ 
L-histidinol 24 -
48 ++ 
72 +H+ 
96 ++++ 
hisD-5 L-histidine 24 — — 
48 — ++ 
72 + +++ 
96 ++ ++++ 
^The amount of the accumulations is designated as follows; - none; 
+ moderate; ++ intense; +++ very intense; 44++ extreme. 
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mal ^ en the incubation time was 72 hr or longer (Table 4). AICA Ribo­
side, an early intermediate of the histidine pathway» accumulated in 
moderate amounts in 72-hr cultures of mutant hisD-S, Shorter incubation 
periods resulted only in the accumulation of histidinol, the terminal 
intermediate. 
The effect of aeration on the accumulation of histidine inter­
mediates was studied ty growing derepressed cultures under stagnant 
conditions, and by shaking them at shaker settings of 3 and 7 (Table 5)* 
Growth and accumulations mutants were increased by mild shaking 
(setting of 3) but decreased considerably by more vigorous shaking 
(setting of 7). Cultures of the parent strain produced small amounts 
of histidinol under stagnant conditions and small amounts of IG if 
they were shaken. Shaken cultures of the parent strain also required 
at least 1 ug of L-histidine/ml for optimum growth, VB-thcut the addi­
tion of L-histidine, the parent strain grew slowly for about 12 hr and 
then rapidly lysed. 
By using the ctxnbination of optimum conditions just discussed, 
accumulations of histidine intermediates were obtained at estimated 
levels of 10 ug to 50 ug/ml. This estimate is only approximate and is 
based on the intensity of color and the area of spots on chrcmatograms 
as conçared to known amounts of standards. 
The pattern of accumulation of histidine intemediates by each 
histidine-dependent mutant is shown in Table 6. The presence or absence 
Table 5» !Ihe effect of aeration on the accumulation of histidine intermediates by histidine-
dependent mutants of Staphylococcus aureus 
Mutant strain Aeration conditions^ Growth of cultures^ 
(55 transmittance) 
Amount of accumulation of 
histidine intermediate:° 
AICA Riboside Histidinol 
hisAb-1 stagnant \ 15 +++ 
shaken (setting:3) 5 ++++ 
shaken (setting:7) 25 + 
hisD-8 stagnant 13 + +++ 
shaken (setting:3) 6 ++ ++++ 
shaken (setting:7) 30 + 
^Cultures that were held stagnant were shaken vigorously 20 times every 24 hr to resuspend 
the sedimented cells. Shaken cultures were shaken by a Burrell Wrist-Action Shaker at settings 
of 3 or 7» as designated, 
^Growth of 72 hr cultures was measured as the $ transmittance in a Bausch and Lomb Spectronic 
20 Colorimeter. 
°The amount of accumulations is designated as follows : - none; i de/iectable; + moderate; 
++ intense; 4-++ very intense; 1111 extreme. 
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Table 6. The accumilation of histidine intermediates by histidine-
dependent mutants of St^hylococcus aureus 
Iftitant Number of prototrophic Histidine Stimulation , 
strain colonies recovered®' intermediates L-histidinol 
accumulated 
hisAb-1 0 AICA Riboside + 
hisB-2 1 AICA Riboside, IG + 
hisD-3 0 histidinol -
hisAb-5 2 AECA Idboside + 
hisAb-6 0 AICA Riboside + 
hisAb-7 0 AICA Riboside + 
hisD-8 0 AICA Riboside, 
histidinol 
IG, 
hisGb-9 0 none + 
hisAb-10 0 AICA Riboside + 
hisAa-11 0 AICA Riboside + 
hisAb-12 0 AICA Ribosid.e + 
hisGb-13 0 none + 
hisc-l4 0 AICA Riboside, IG, lA + 
hisGb-15 1 none + 
hisD-l6 TMTC histidinol -
hisAb-17 1 AICA Riboside + 
dumber of prototrophic colonies recovered in a 0.1 ml aliquot of 
the original 72 hr culture. 
^Stimulation by L-histidinol is indicated tqr the symbol +. 
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Table 6, (Continued) 
Mutant Number of prototrophic Histidine Stimulation , 
strain colonies recovered^ intermediates by L-histidinol 
^ accumulated 
hisD-l8° 0 histidinol -
hisAb-19 0 Jack Riboside + 
hisAb-20 0 AICA Riboside + 
hisC-23 0 AICA Riboside, lA + 
hisD-24- 2 histidinol -
hisD-25 0 AICA Riboside, 
histidinol 
IG, -
hisB-27° 0 AIOA Riboside, IG + 
hisGw29 TMTC none + 
hisG-30 TMTC none + 
hisAa-31 0 AICA Riboside + 
hisD-32 0 AICA Riboside, histidinol -
hisD.33 0 AICA Riboside, histidinol -
hisG-34°' TMTC none + 
hisG-35 TMTC none + 
hisD-36 0 histidinol -
hisG-37 TMTC none + 
hisGb-38 0 none + 
hisGwp9 TMTC none + 
^Mutant strain is leaky. 
Table 6. (Continued) 
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Mutant Number of prototrophic Histidine Stimulation , 
strain colonies recovered^ intermediates by L-histidinol 
accumulated 
hisGa-40 0 none + 
hisB-4l° 108 Arc A Riboside, IG + 
hisD-42 0 histidinol -
hisD-43 0 histidinol -
hisD-44 0 histidinol -
hisG-45 6 none + 
hisD-46 0 histidinol -
hisD-47 0 histidinol -
hisC-48^ 0 AICA Riboside, IG, lA + 
hisE-49 0 none + 
hisC-50° 0 AICA Riboside, lA + 
hisD-51 0 AICA Riboside, 
histidinol 
IG, -
hisD-52 0 histidinol -
hisD-54 0 AICA Riboside, histidinol -
hisD-55 0 histidinol -
hisC-56° 0 AICA Riboside, lA + 
hisD-56 0 histidinol — 
hisD-59 0 AICA Riboside, histidinol -
hisD-60 0 histidinol -
hisD-61 0 histidinol 
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Table 6, (Continued) 
Matant Number of prototrophic 
strain colonies recovered^ 
Histidine 
intermediates 
accumulated 
Stimulation , 
by L-histidinol 
hisGa-62 
hisAaD-63 
hisAm.64 
hisG-65 
hisC-66 
hisD-68 
hisD-69 
hisD-70 
hisD-71 
hisD-72 
hisC-73 
hisGa-74 
hisGa-75 
hisAc-76 
hisA.77 
hisG-78 
hisAa^79 
hisA-80 
hisD-81 
hisD-i52 
6 
0 
TMTC 
TMTC 
Ti-rrc 
5 
0 
0 
0 
0 
5 
10 
0 
0 
78 
100 
0 
0 
0 
TMTC 
none + 
MCA Riboside 
AICA Riboside + 
none + 
ACCA Riboside, IG, lA + 
histidinol 
histidinol 
histidinol 
histidinol 
AECA Riboside, histidinol 
AECA Riboside, IA + 
none + 
none + 
AECA Riboside + 
AECA Riboside + 
none + 
AECA Riboside + 
AECA Riboside + 
histidinol 
histidinol 
Table 6. (Continued) 
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Mitant Number of prototrophic Histidine Stimulation . 
strain colonies recovered^ intermediates by L-histidinol 
accumulated 
hisAa-83° 0 AICA Riboside + 
hisD-d4 0 histidinol 
-
hisD-85 0 histidinol -
hisG-«7° 263 none + 
hisD-88 TMTC histidinol -
hisG-89 620 none + 
hisC-90° 124 AICA Riboside, IA + 
hisC-91° 0 AICA Riboside, IG, IA + 
hisE-93 2 none + 
hisGw94 410 none + 
hisG-95 TMTC none + 
hisC-96° 65 lA + 
hisD-98 0 histidinol 
-
hisGib-99 3 none + 
hisD-100 0 histidinol -
hisC-101 120 lA + 
hisD-103 TMTC histidinol -
hi5D-104 0 histidinol 
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of stimulation of each mitant by L-histidinol is also shown in this 
table. Jive classes of mutants were distinguished on the basis of 
their accumulations, A mutants accumulated AICA Riboside. B mutants 
accumulated IG and AICA Riboside. C mutants accumulated lA and, if 
growth was maximal, IG and AICA Riboside. D mutants accumulated histi­
dinol and, if growth was maximal, IG and AICA Riboside. The accumulation 
of IA could not be distinguished from histidinol in the same supernate, 
although it was suspected that lA might be accumulated in small amounts 
by D mitants. The color reaction of histidinol was sufficiently in­
tense to mask any other ccMÇ)ounds located in the same area on the 
chrcmatogram. E and G mutants, distinguished genetically, failed to 
accumulate any Pauly-positive compounds other than a cOTçound tentative­
ly identified as tyrosine. 
L-histidinol stimulated all mutant classes except D mutants. An 
exception to this statement was the mutant hisAaD-63, which vjas not 
stimulated by L-histidinol but Wiich did accumulate AICA Riboside. All 
mutants stimulated by L-histidinol were also inhibited by this compound 
at amounts of 10 ug/ml or more present in derpressed cultures. Growth 
of these mutants was inhibited to a distance of 2-4 cm from a crystal 
of L-histidinol, placed in the center of an S agar plate. 
All mutants tested (hisAa-11, hisAb-1, hisAb-20, hisD-8, and 
his(&)-15) failed to grow in the presence of the histidine intermediates 
IG, 1(2*, lA, lAP, and HP (obtained from, supemates of the sçprqpriate 
y 
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histidine-dependent mutants of Salmon^la typhimurium by preparative 
thin-layer chromatography techniques), %th the exception of hisD-8, 
these mutants were stimulated by histidinol (derived from the supernate 
of mutant hisD-494 of S. typhiaurium). 
A comparison of the accumulation of histidine intermediates by 
histidine-dependent mutants of S, aureus and S. typhimurium is shown in 
Table 7 and Figure 1. One outstanding difference observed between 
mutants of these two genera was the accumulation of AICA Riboside by 
A mutants of S. aureus and AICA by the corresponding E2, A» H» and F 
mutants of S. typhimurium. Small quantities of ILA were accumulated 
C mutants of S. "tarphimurium but not by Ç mutants of S. aureus. 
Mutants of S. typhimurium produced greater quantities of IG, lA, and. 
histidinol than did mutants of S, aureus, reaching levels which were 
estimated, to be 80 ug/ml. 
Genetic Studies 
Several phages (53, 5^, 77» 79, and 83), ^diich exhibited some 
degree of lytic activity on strain 655» were examined for their capacity 
to transduce the his"*" marker. These phages were propagated on the 
standard propagating strains and on strain 655* A single passage of 
phages 53, 54, 79. and 83 on their propagating strains and strain 655 
was sufficient to yield high-titer lysates (1.1 X 10^^ pfu/ml to 1.8 X 
10^^ pfu/ml). On the other hand, phage 77 required two consecutive 
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Table ?• A comparison of the accumulation of terminal histidine inter­
mediates histidine-dependent mutants of Staphylococcus 
aureus and Salmonella typhlmurium 
Species Biochemical phenotype^ Terminal histidine 
intermediate 
S. aureus G none 
E none 
A AICA Riboside 
B IG 
C lA 
D histidinol 
S. typhimurium G none 
E.J none^ 
Eg AECA 
A AECA 
H AECA 
F AICA 
B IG 
C lA, ILA 
D histidinol 
^The biochanical phenotypes of mutants of S. aureus are based on 
accumulations only, with the exception of G and/E #iich are distinguished 
by genetic studies. The biochemical phenotypes of mutants of S. 
typhimurium are based on accumulations and enzyme activity (Hartman and 
Ames, 1962, 1963). 
^The accumulation of histidine intermediates was not determined for 
this mutant in this study. However, based on the structure of PR-ATP 
(Ames, Martin, and Garry, I96I) it was not expected that this compound 
would produce Pauly-positive products. 
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Figure 1. A conqparison of the accumulation of histidine intermediates by histidine-
dependent mutants of Staphylococcus aureus and Salmonella typhimurium 
The chrcMnatogram was developed in a n-butyl alcohol: 2N NH3 (saturated) 
solvent system and sprsyed with diazosulfanilic acid followed by a 5^ 
solution of Na^CO^ 
Designations located at the origin of the chrcxnatogram are as follows; 
STD» the chanical standards, G15t A83» B2, Cl4, and D8, the histidine-
dependent mutants hisGb-15, hisAa-83, hisB-2, hisC-l4, and hisD-8, 
respectively, of S. aureus, W, the parent strain 655of S. aureus, and 
046, E11, A3» HIO7, F4l, 5456, C2, and the histidine-dependent 
mutants, hisG-46, hisE-11, hisA-3» hisH-107, hisF-4l, hlsB-456, hisC-2, 
and hisD-494, respectively, of S. typhimurium 
Pauly-positive cœipounds are indicated on the chronatogram as follows; 
1-AICA Riboside, 1A-AICA, 2-1G# 3-IA, ^ histidinol, and 5-histidine 
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transfers on strain 655 to produce a high titer lysate (2.2 X 10^^ pfa/ 
ml). The results of this study were in agreement -with previous experi­
ments of Zara (1964) and indicated that phage 83 propagated on strain 
655 exhibited the highest frequency of transduction (Table 8), An 
electron micrograph of phage 83 is shown in Figure 2. 
In the present study, a variety of conditions were investigated to 
eliminate a problem of inhibition found on plates of ES agar inoculated 
with concentrated transduced suspensions (Zara, 1964) and to determine 
the conditions for the maximum frequency of transduction using phage 
83/655. 
It was found that inhibition could be readily prevented by using as 
inocula for ES agar 0.1 ml of the transduced suspension (containing 
2-3 X 10^^ cells/ml). A thorough spreading of the suspension over the 
surface of the ES agar plate also aided in the elimination of areas of 
inhibition. 
The multiplicity of infection used in the transduction suspension 
had a marked effect on the frequency of transduction (Table 9). The 
maximum frequency of transduction was obtained at multiplicities of 
infection of 2.5 and 3.0. At these values, an error in the determina­
tion of cell concentration or phage titer would produce little change 
in the frequency of transduction. The transduction efficiency, 
calculated as the frequency of transduction per phage particle employed, 
was determined for each multiplicity of infection (Table 10). 
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Table 8, The relative transduction frequency of mutants hisAb-1, 
hisD-S, and hisGb-15 of Staphylococcus aureus using different 
transducing phages 
Transducing 
phage^ 
Frequency of transduction of 
recipient 
Ratio of 
frequencies 
hisAb-1 hisD-8 hisGb-15 
Control 8 5 5 
83/655 893 1420 6100 1.0: 1.6: 6.8 
83/83 597 894 3162 1.0; 1.5: 5.3 
53/655 185 280 1020 1.0: 1.5: 5.5 
53/53 142 230 600 1.0: 1.6: 4.2 
54/655 120 198 301 1.0: 1.6: 2.5 
54/54 8 12 17 1.0: 1.5: 2.1 
77/655 62 90 411 1.0: 1.4: 6.6 
79/655 7 18 30 1.0: 2.6: 4.3 
^The abbreviation used to designate the transducing phage first 
describes the phage (e, g., 83/) and second descidbes the propagating 
strain (e.£., /655). 
^Number of transductants recovered in a 0.1 ml aliquot of a 
concentrated transduced suspension. 
îlgure 2. An electron micrograph of the bacteriophage 83 
(prepared and photographed by Donald R. DiBona, 
Iowa State University of Sci«ice and Technology). 
A "ghost" phage having an ençty head is shown in 
the upper center of the raicrogrsç>h. Two complete 
phages are shown in the lower left and right 
portions of the micrograph 
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Table 9. The effect of the multiplicity of infection on the frequency 
of transduction of histidine-dependent mutants of Staplqrlo-
coccus aureus transduced by phage 83/ 655 
Multiplicity of infection Frequency of transduction of recipient;^ 
hisAb-1 hisD-8 hisGb-15 
Control 8 2 5 
0.4 78 130 490 
1.0 110 240 860 
1.5 123 291 1043 
2.0 132 321 1135 
2.5 130 335 1242 
3.0 152 320 1340 
3.5 100 307 1272 
4.0 277 1190 
^Number of prototrophic colonies recovered in a 0*1 ml aliquot of 
a 10*1 dilution of the transduced sui^ension. 
The loigth of time that transduction suspensions were shaken was 
shown to produce little effect on the transduction frequency bqyond a 
period of 30 min (Table 11). Sane transduction occurred during the 
time of centrifugation and resuspending the suspension in physiological 
saline as indicated by the significant number of transductants recovered 
without shaking. 
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Table 10, The effect of the multiplicity of infection on the frequency 
of transduction per phage particle en^loyed of histidine-
dependent mutants of Staphylococcus aureus transduced by 
phage 83/655 
Multiplicity of infection Frequency of transduction of recipient:®' 
hisAb-1 hisD-8 hisGb-15 
0.4 9.3 X 10"^ 6,0 X 10-5 7.8 X 10-5 
1.0 8.2 X 10-6 1.8 X 10-5 6,2 X 10-5 
1.5 6.5 X 10"^ 1.0 X 10-5 4,5 X 0
 1 Vn
 
2.0 4.8 X 10-6 9.5 X 10"^ 3.4 X 10-5 
2.5 4Z0 X 10"^ 8,0 X 10-^ 3.0 X 10-5 
3.0 1,5 X 10"^ 7,1 X 10"6 2,2 X 10-5 
3.5 9.0 X 10-f 6.8 X 10-* 1.8 X 
1 0
 
4,0 6.0 X 10"^ 1.4 X 
1 0
 
^Number of prototrophic colonies recovered in a 0.1 ml aliquot of 
a lO'l dilution of the transduced suspension per phage particle employed. 
One of the most time-consuming steps of the transduction procedure 
was the washing of the transduced suspension with physiological saline 
after shaking. Previous studies of Zara (1964) indicated the desir­
ability of using a total of two washings. However, the results shown 
in Table 12 indicated that only one washing was necessary. 
/ 
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Table 11. The effect of the time of shaking of the transduction sus­
pension on the frequmqr of transduction of histidine-
dependent mutants of Staphylococcus aurais 
Shaking time^ 
(min) 
Erequenqr of transduction of recipient:^ 
hisAb-1 hisD-8 hisGb-15 
Control 9 4 3 
0 25 60 240 
15 75 270 915 
30 90 370 1092 
50 105 335 930 
70 118 322 1047 
^The transduction suspension was shaken by a Burr^ Wrist-Action 
Shaker at a setting of 10. 
^Number of prototrophic colonies recovered in a 0.1 ml aliquot of a 
10" 1 dilution of the transduced suspension. 
Enrichment of S agar with small quantities (up to 1^ v/v) of P and 
D broth enhanced the recovery of transductants (Table 13)» Similar 
observations were recorded by Zara (1964) and Hartman (1956). When S 
agar was supplonented with quantities of P and D in excess of 1^ (v/v), 
the background growth of the recipient population was stimulated ex­
cessively and resulted in the recovery of fewer transductants. 
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Table 12. The effect of the number of washings of the transduced sus­
pension with physiological saline on the frequenqr of 
transduction of histidine-dependent mutants of Stsgphylo-
coccus aureus 
Number of washings Frequencqr of transduction of recipient:^ 
bisAb-1 hisD-S hisGb.15 
Control 9 4 3 
0 50 305 704 
1 95 355 865 
2 99 301 873 
3 90 300 806 
^Number of prototrophic colonies recovered in a 0.1 ml aliquot of a 
10"1 dilution of the transduced suspension. 
Increasing the concentration of glucose in S agar above 0.4^ (w/v) 
(the level used routinely in S agar by Zara, 1964 and Weaver, 1964) had 
little effect on the number of transductants recovered (Table 14), The 
growth rate of transductants was increased by increasing levels of 
glucose. Transductants recovered on S agar devoid of glucose were small, 
pale in color, and difficult to score accurately. 
gy using a combination of the optimum conditions just discussed, 
each histidine-dependent mutant was transduced with phage 83 propagated 
on the parent strain to determine (I) the transduction frequenqy 
(recipient conçetence) and (2) the abiliiy of each mutant to produce 
/ 
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Table I3. The effect of the concentration of P and D broth in S agar 
on the firequenc^ of transduction of histidine-dependent 
mutants of Staphylococcus aureus 
Percent P and D broth 
added to S agar 
Frequency of transduction of recipient;^ 
hisAb-1 hisD-8 hisGb-15 
Control 5 k 2 
0 60 111 870 
0.5 110 332 1180 
1.0 90 395 1308 
1.5 85 364 700 
2.0 83 309 654 
^Number of prototrophic colonies recovered in a 0,1 ml aliquot of a 
10"^ dilution of the transduced suspension. 
abortive transductants. The reversion frequency of each mutant was 
also determined at this time. The results of these studies are shown 
in Table 15. It was evident fran the results that similar frequencies 
of transduction were obtained with mutants of the same biochemical 
phenotype. On the basis of transduction frequencies obtained using 
phage 83/655» all mutants were arranged in the sequence E, A, B# Ç» 
D, G (Table I6 and Figure 3). Sane overlapping was evident between 
the range of transduction frequencies of mutants of different bio­
chemical classes. This overleaping is felt to have been due to dif­
ference in the ability of complete transductants to develc^ into 
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Table 14. The effect of the concentration of glucose in S agar on the 
freqaenqy of transduction of histidine-d^endent mutants of 
Staphylococcus aureus 
Percent of glucose 
added to S agar 
Frequency of transduction of recipient;^ 
hisAb-1 hisD-8 hisQb-15 
Control 2 7 8 
0 81 312 783 
0.2 108 300 797 
0.4 110 308 878 
0.6 120 308 903 
dumber of prototrophic colonies recovered in a 0.1 ml aliquot of a 
10"1 dilution of the transduced suspension. 
detectable colonies in the presence of the recipient background (com­
petition tolerance). Lower transduction frequencies obtained with D 
mutants might in part have been due to inhibition by accumulated histi-
dinol. Competition tolerance was measured as that number required to 
convert the number of complete transductants recovered in a 0.1 ml 
aliquot of a 10"^ dilution of the transduced suspension to the number 
of complete transductants recovered in a 0,1 ml aliquot of the concen­
trated suspension (Table 17). 
In order to determine further the sequence of loci in the histidine 
operon of S. aureus, three mutants from each biochemical class, with the 
acception of the one available B mutant, were analyzed by the "best-fit" 
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Table 15. The frequenc^r of transduction of histidine-dependent mutants 
of Staphylococcus aureus transduced by phage 83/655 
Mutant strain Frequency of^ 
transduction 
Frequency of 
reversion" Abortive transductants 
hisAb-1 136 2 + 
hisB-2 332 14 + 
hisD-3 474 0 -
hisAb-5 119 4 + 
hisAb-6 4^ 125 2 + 
hisAb-7 131 4. + 
hisD-b ii46 2 -
hisGb-9 1192 10 + 
hisAb-10 136 10 + 
hisAa-11 140 10 + 
hisAb-12 151 1 + 
hisGb-13 1368 2 + 
hisC-1^ 401 3 + 
hisGb-15 1300 2 + 
hisD-l6 - TMTC -
hisAb-17 145 2 + 
^umber of prototrophic colonies recovered in a 0.1 ml aliquot of 
a 10" dilution of the transduced suspension, 
^Number of prototrophic colonies recovered in a 0.1 ml aliquot of 
a 10" dilution of the control suspension. 
°The presence of minute abortive colonies is indicated by the symbol 
+• 
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Table 15. (Continued) 
Mutant strain Erequenqy of^ Frequenqr pf 
transduction reversion" Abortive transductants® 
hisD-18^ 407 3 -
hisAb-19 113 1 + 
hisAb-20 142 2 + 
hisC-23 518 15 + 
hisD-24 419 1 -
hisD-25 TMPC -
hisB-27^ excessive recipient growth 
hisG-29 TMTC + 
hisG-30 TMPC + 
hisAa-31 132 3 + 
hisD-32 503 0 -
hisD-33 499 1 -
hisG_34^ excessive recipient growth 
hisG.35 TMPC + 
hisD-36 397 1 -
hisG-37 TMTC + 
hisGb-38 1389 17 + 
bisGw39 TMPC + 
1 
hisGa-40 1336 23 + 
strain is leaky. 
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Table 15. (Contimed) 
Matant strain Frequency of^ Frequency of 
transduction reversion Abortive transductants° 
hisB-^l*^ 215 2 + 
hlsD-42 677 4 -
hisD-43 457 1 -
hisD-# 425 0 
-
hisG-45 TMTC + 
hisD-46 513 28 -
hisD-47 575 2 -
hisC-^ S"^  excessive recipient growth 
hisE.49 118 7 + 
hisC-50'^ 368 2 + 
hisD-51 TMTC -
hisD-52 509 2 -
hisD-54 529 5 -
hisD-55 53» 1 -
hisC-Sô'^ 370 12 + 
hisD-58 334 0 -
hisD-59 552 4 -
hisD-60 492 5 -
hisD-61 343 0 -
hisGa-62 1339 18 + 
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Table 15. (Continued) 
Ifiitant strain Frequency of^ Frequency pf 
transduction reversion Abortive transductants° 
hisAaD-63 67 0 + 
hisAm.64 TMTC + 
hi s G-65 TMTC + 
hisC-66 482 55 + 
hisD-68 590 0 -
hisD-69 616 0 -
hisD-70 TMTC -
hisD-71 468 0 -
hisD.72 541 3 -
hisC-73 322 7 + 
hisGa-74 924 10 + 
hisGa-75 1170 3 + 
hisAc-76 141 0 + 
hisAmT? TMTC + 
hisG-78 TMTC + 
hisAa-79 152 3 + 
hisA-80 182 60 + 
hisD-bl 359 0 -
hisD-B2 TMTC -
hisAa-53^ 127 2 + 
Table 15» (Continued) 
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Mutant strain Frequency of^ Fï'equen<y pf 
transduction reversion Abortive transductants 
hisD-84 506 0 
-
hisD-85 627 8 
-
hisGw87^ excessive recipient growth 
hisD-88 TMTC -
hisG-89 TMTC + 
hisC-90^ 328 1 + 
hisC-91^ excessive recipient growth 
hisE-93 100 27 + 
hisG-9^ TMTC + 
hisG-95 TMTC + 
hisC-96^ 358 20 + 
hisD-98 3^ 7 2 -
hisGb-99 990 23 + 
hisD-100 361 0 -
hisC-101 TMTC + 
hisD-103 TMTC -
hisD-104 434 0 -
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Table l6. The frequency of transduction associated with different bio­
chemical phenotypes of histidine-dependent mutants of 
Staphylococcus aureus transduced by phage 83/655 
Biochonical 
phenotype 
Number of mutants 
tested 
Frequency of transduction^ 
Mean Range 
E 2 92 73 - 111 
A 15 133 112 - 150 
B 2 266 213 - 318 
C 8 379 315 - 503 
D 28 479 334 - 673 
G 9 1211 914 _ 1372 
\vunber of prototrophic colonies recovered in a 0,1 ml aliquot of a 
10"^ dilution of the transduced suspension. 
method (Hartman, Leper, and Serman, 196O). Mutants of each biochemical 
class were chosen lAich had exhibited high, intermediate, and low trans­
duction frequencies lAen transduced with phage 83/655* They also were 
chosen for their relatively low reversion frequencies and minimm leak-
iness (slight growth on ES agar). In addition, mutant hisAaD-63 was 
tested with each mutant. The results of the "best-fit" method are shown 
1 
in Table 18, The deduced order of mutant sites was determined from data 
taken from each recipient column. Donor columns were not used in this 
analysis because of the large differences in recipient competence. 
Since the mutants were arranged in the proper sequence in Table 18, the 
Figure 3* The frequency of transduction associated vâth different biochemical 
phenotypes of histidine-dependent mutants of Staphylococcus aureus 
transduced with phage 83/655 
Each biochemical phenolype is indicated by the letters A* B, C» D» and 
G. Matants possessing the same biochemical phenoi^e are connected by 
a solid line opposite the letter designation. Mitants used in a 
reciprocal transduction analysis are designated by a number; other 
mutant sites are indicated ty the small vertical dash, Ihe numbers 
located just above the base line indicate the caapetition tolerance of 
mutants in each biochemical class. Taking the competition tolerance of 
each biochemical class into account, there would be little or no over-
l^ping of the frequency of transduction associated with different bio­
chemical classes as indicated by the dashed-lines extended from the 
extreme mutant sites to the base line 
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Table 1?. The ccespetition tolerance of complete transductants to the 
recipient background of histidine-dependent mutants of 
Staphylococcus aureus 
Recipient Compétition tolerance^ 
hisAb-l 6,6 
hisB-2 8.6 
hisC-14 7.5 
hisD-8 4.7 
hisGb-15 8.7 
^The competition tolerance is that factor required to convert the 
transduction frequencgr of a 10"^ dilution to the 10*1 dilution of the 
transduced suspension. 
frequencies of -wild-type recombinants on either side of a homologous 
cross (indicated by zero recœnbinants) increased, in general, to the 
right and left in each recipient column. The order of imitant sites was 
as follows: hisAau83, hisAb-5» hisAb-10, hisB-2, hisC-90, hisC-l4, 
bisC-23, hisD-36, hisD-8, hisD-42, hisGa-75, hisGa-74, hisGb-15. The 
error in recombination frequencies between duplicate sangles taken from 
the same suspension was approximately 8^ of the mean value. The error 
between two s^arate experiments using the parent strain as donor was 
calculated to be 9.6^ of the mean transduction frequency. This error 
was extremely small vhen conçared to the transduction studies of 
Hartman (1956). The results of this analysis indicated that mutant 
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Table 18. Transduction analysis of linkage relationships among histidine-dependent mutants c 
Number of prototrophic colonies re 
Recipient Donor 
Control 655 hisAa-83 hisAb-5 hisAb--10 hisB-2 hisC-90 hisC--14 hisC-23 hisD-2 
hisAa-83 2 127 0 9 16 27 47 48 60 57 
hisAb-5 4 119 30 0 5 27 32 35 42 39 
hisAb-10 10 136 32 11 0 29 35 39 51 45 
hisB-2 14 332 189 153 124 0 76 100 155 160 
hisC-90 1 328 195 139 136 107 0 10 26 34 
hisC-14 3 401 276 298 197 184 19 0 13 25 
hisC-23 15 518 423 392 362 328 93 69 0 50 
hisD-36 1 397 236 307 212 160 123 49 17 0 
hisD-8 2 446 257 342 248 208 152 92 52 25 
hisD-42 4 677 491 504 365 364 218 161 102 37 
his Ga-75 3 1170 978 1102 851 769 564 648 621 554 
hisGa-74 10 924 856 1014 812 781 550 667 641 620 
hisGb-15 2 1300 892 1059 834 955 600 764 627 573 
hisAaD-63 0 67 1 2 4 1 2 2 1 1 
^Number of prototrophic colonies recovered in a 0.1 ml aliquot of a 10" dilution of th( 
ant mutants of Staphylococcus aureus 
z colonies recovered 
r 
isC-23 hisD-36 hisD-8 hisD-42 hisGa-75 hisGa-74 hisGb-15 hisAaD-63 
60 57 64 95 76 99 91 3 
42 39 45 99 79 95 76 15 
51 45 52 93 83 93 94 20 
155 160 155 211 265 238 257 103 
.26 34 33 112 134 134 114 34 
13 25 41 66 131 104 113 28 
0 50 90 203 228 230 250 82 
17 0 15 33 59 81 62 29 
52 25 0 31 67 52 57 0 
102 37 24 0 139 143 161 37 
621 554 504 524 0 28 122 503 
641 620 455 482 24 0 81 586 
627 573 445 557 75 48 0 532 
1 1 0 1 11 12 13 0 
lution of the transduced suspension. 
hisAaD-63 was probably a double mutant, possessing one mutant site 
extremely close to the site of hisD-8 and another close to the site of 
mutant hisAa-83, The positions of the mutant sites in mutant hisAaD-63 
were in agreenent with the accumulation of AICA Riboside and the failure 
of this mutant to utilize exogenous L-histidinol. 
A second transduction analysis by the "best-fit" method was con­
ducted with mutants in classes E» jto, and B to further clarify 
this region of the histidine operon (Table 19). The order of mutant 
sites determined by this analysis was as follows: hisE-49, hisAa-31. 
hisAa-11, hisAb-5, hisAb-10, hisAc-76, hisB-2. 
A ratio test was performed on all mutants listed in Table 18, All 
mutants capable of utilizing exogenous L-histidinol were used as donors 
vâth the recipients. The results of this analysis are shown in Table 
20, The sequence of mutant sites determined by this method was identi­
cal to that determined by the "best-fit" method. Donor-type colonies 
were recognized as being smaller than prototrophic colonies and ly their 
weak coloration, Thqy could be easily distinguished from prototrophic 
colonies in all crosses except those involving the slightly leaky 
mutants hisAam83 and hisC-90» The true nature of the donor-type colo­
nies was supported by three different observations : ( 1 ) no donor-type 
colonies were produced -ahen D mutants were used as donors, (2) sub­
cultures from donor-type colonies were stimulated by L-histidinol, and 
(3) crosses of sub-cultures fïrom donor-type colonies with the respective 
Table 19. Transduction analysis of linkage relationships among E» A, and B mutants of 
Staphylococcus aureus ~ ~ 
Number of prototrophic colonies recovered® 
Control 655 hisB-49 hisAa.31 hisAa-11 hisAb-5 hisAb-10 hisAc-?^ hisB-2 
hisE-49 7 . 118 0 10 20 35 2; 28 36 
hisAa-.31 3 132 42 0 20 39 34 32 68 
hisAa-11 10 140 44 17 0 41 30 38 60 
hisAb-5 4 119 72 64 60 0 2 10 26 
hisAb-10 10 136 65 51 52 11 0 16 23 
hisAc-76 0 141 66 62 60 26 6 0 10 
hisB-2 14 332 331 288 295 242 152 36 0 
^Number of prototrophic colonies recovered in a 0.1 ml aliquot of a 10"^ dilution of the 
transduced suspension. 
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Table 20, The frequency of independent transduction of different 
histidine markers into the recipient strains hisD-36, hisD-8, 
and hisD-42 of Staphylococcus aureus 
Ratio of independent to total transduction^ 
Recipient 
hisD-36 hisD-8 hisD-42 
hisAa-83 0.84 0.85 0.88 
hisAb-5 0.77 0.80 0.85 
hisAb-10 0.79 0.77 0.83 
hisB-2 0.56 0.60 0.63 
hisC-90 0.50 0.45 0.53 
hisC-l4 0.12 0.22 0.27 
hisC-23 0.05 0.11 0.16 
hisD-36 1.00 1.00 1.00 
hisD-8 1.00 1.00 1.00 
hisD-42 1.00 1.00 1.00 
hisGa-75 0.17 0.19 0.21 
hisGa-74 0.21 0.20 0.19 
hisGb-15 0.27 0.20 0.23 
independent transductants are recovered as large prototrophic 
colonies. Total transductants include independent transductants and 
donor type transductants recovered as small colonies. 
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donor mutants produced no -wild^type recombinants, whereas crosses with 
distant markers produced predictable quantities of recombinants. 
Complementation among histidine-dependent mutants was studied by 
an abortive transduction analysis. All mutants used in both "best-fit" 
analyses (Tables 18 and 19) and A and G mutants were scored for the 
presence of abortive transductants. As was also indicated in the 
analysis using the parent strain as donor (Table 15)* D mutants vjhen 
used as recipients failed to give rise to abortive transductants. How­
ever, the addition of small amounts of L-histidine to S agar plates 
stimulated the expression of abortive transductants. The results of 
the analysis, shown in Table 21, indicated a division of A mutants into 
three complementation units (M, Ac) and a division of G mutants 
into two complementation units (Ga, Gb). The true nature of the 
abortive transductants was supported by their failure to produce more 
than one minute colony when streaked on S agar and by their absence 
in crosses among certain mutants which map dose to one another and 
in all homologous crosses. 
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Table 21. Complementation units of the histidine pperon of Staphylo-
coccus aureus 
Complementation unit Representative mutants 
E hisE-49 
Aa hisAa-11. hisAa»31» hisAa^79f hisAaD-63, 
hisAa-83 
Ab hisAb-1, hisAb-5» hisAb-6, hisAb-7, hisAb-10» 
hisAb-12. hisAb>17. hisAb-19. hisAb-20 
Ac hisAc-76 
/ 
B hisB-2 
C hisC-90. hisC-l4, hisC-23 
D hisD-36. hisD-8, hisD.42, hisAaD-63 
Ga hisGamW, hisGa-62, hisGa-7^» hisGa~75 
Gb hisGb-9, hisGb-13, hisGb-15» hisGb-38, hisGb-99 
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DISCUSSION 
In genetic investigations, one of the major factors which limits 
the extent of an analysis of fine structure is the availability of suf­
ficient numbers of mutants. Previous studies concerned with the genetics 
of metabolism in Staphylococcus aureus (Ritz and Baldwin, 1962; Humbert 
and Baldwin, 1963) have been severely limited because of the difficul­
ties encountered by these workers in obtaining the necessary auxotrophic 
mutants. The efficiency of the penicillin selection technique experi­
enced in the present study is in large part responsible for the detail 
of the analysis which is greater than that of any previous genetic 
studies of S. aureus. Over 100 histidine-dependent mutants were used 
in the biochemical and genetic analyses, and it is felt that these 
mutants, combined, represent most of the possible genes controlling 
L-histidine biosynthesis. 
An analysis of the accumulation of histidine intermediates by the 
histidine-dependent mutants provided information which permitted the 
construction of a tentative pathway used by S. aureus for the biosyn­
thesis of L-histidine (Figure 4). Before this analysis could be 
performed, it was necessary to determine the optimum conditions re­
quired by mutants of S. aureus to accumulate intermediates of the bio-
synthetic pathway. The conditions used in accumulation studies of 
histidine-dependent mutants of Salmonella typhimurium (Hartman, Loper, 
and Serman, 1960) were followed as a guide, and were modified for use 
/ 
Figure 4. A genetic map of the histidine operon of Stsphvlo-
coccus aureus and a tentative pathway utilized by 
S. aureus for the biosynthesis of L-histidine 
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with histidine-dependent mutants of S. aureus. 
It was suspected that enzyme repression and feedback inhibition 
were the mechanisms responsible for the failure to detect histidine 
intermediates in the supernates of mutants grovm in the presence of 
excess L-histidine (quantities greater than 2 ug/ml). L-histidinol 
appeared to derepress mutants at greater levels than was possible with 
L-histidine. Compared to mutants of S. aureus, mutants of S. typhimurium 
were effected less by exogenous L-histidine as indicated by the ac­
cumulation of detectable quantities of histidine intermediates in super-
nates of cultures grown in the presence of levels of L-histidine as high 
as 6 ug/ml. 
The incubation time required for derepressed cultures to accumulate 
maximal quantities of histidine intermediates was 72 hr for S. aureus 
as coDçared to only 24 hr for S. typhimurium. It is possible that a 
difference in the permeability of the cell membrane to histidine inter­
mediates may have been responsible for the large difference in time 
required by each genus to accumulate histidine intermediates in the 
culture medium. 
Derepressed cultures that were shaken mildly grew better and ac­
cumulated more intermediates than derepressed cultures that were held 
stagnant. I&ld shaking provided greater aeration than was possible in 
stagnant conditions and thus supported better growth and accumulations. 
Vigorous shaking increased the grovrth rate to such an extent that ap­
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parently the available L-histidine or L-histidinol was deleted very 
rapidly, resulting in the starvation of r^idly metabolizing cells. 
The accumulations of histidine intermediates by S. aureus and S* 
typhiaorium were conpared and found to be extrmely similar. The bio-
Qrnthetic pathway of L-histidine utilized by 8. typhimurium (Ames and 
Hartman, 1963) is shown in Figure 5» Previous studies of Hartman, 
Loper, and Sennan (i960) indicated the failure of E» A, H, and F mutants 
of S. typhimurium to accumulate Pauly-positive confounds. In the pres­
ent study, lyophilization of the supernatant fluids of cultures of these 
mutants permitted the detection of a ccmpound idiich was chronatograph-
ically identical to AI G A. The A mutants of S. aureus, which are felt 
to correspond to the E, H, A, and F mutants of S. "brphimurium, accumu­
lated a coDÇ>ound tdiich was chromatographically identical to AI OA Ribo­
side. It is possible that AICA and AICA Riboside may be derived frcoi 
the AICAR-intermediates accumulated by E, H, A, and F mutants (Smith 
and Ames, 1964-) by the cleavage of the N=C bond linking AICAR-PP (or 
AIcar) to the PR-formimino (or phosphoribulogyl-formimino) residue» 
Both IG and IA, accumulated by B and C mutants, respectively, are 
believed to be derived from the phosphorylated intermediates (Haas, 
IfiLtchell, Ames, and I&tchell, 1952; Hartman, 1956). Histidinol, ac-
i 
cumulated by D mutants, is probably the only actual precursor of 
L-histidine detected in supernates of the histidine-dependent mutants* 
Figure 5» A genetic map of the histidine operon of Salmonella 
•typhimurivuii and the pathway utilized by S. typhiimirium 
for the bioqmthesis of L-histidine (as modified 
frcm Ames and Hartman, 1963) 
/ 
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The abililgr of différait histidine-dependent mutants of S. aoreas 
to utilize several histidine intermediates (IG, ICP, lA, TAP, HP, and 
L-histidinol) was studied to further di.ucidate the biosynthetic pathway 
of L-histidine. Unfortunately stimulation was not observed with any of 
the histidine intermediates tested, with the exception of L-histidinol. 
It was not surprising, however, that stimulation was not observed with 
these compounds as the phosphozylated intermediates are believed to be 
in^iermeable to the cell membrane, as has been shown in studies with N. 
crassa (Haas, Mitchell, Ames, and Mitchell, 1952) and S. typhimurium 
(Hartman, 1956), IG and lA are not considered to be actual intermediates 
of histidine biosynthesis and would not be e3ç>ected to stimulate mutants 
(Ames and Mitchell, 1955» Hartman, 1956). Stimulation of all mutant 
classes, with the exertion of D mutants, by Ifhlstidinol was useful in 
identifying those mutants which cculd oxidize L-histidinol to L-histi­
dine. 
The most precise and direct analysis of the biosynthetic pathway 
of L-histidine utilized by S. typhimurium was performed by measuring 
the specific enzyme activities associated with each reaction (Ames, 
Martin, and Garry, 1961; Ames, Garry, and Herzenberg, I960; Smith and 
Ames, 1964^). Etsr this means, the most probable substrate(s) and product 
(s) of each reaction can be detenained. Furthermore, a block in a 
reaction can be attributed to a loss in a specific enzyme activity 
associated with a particular mutant. Enzyme studies, though more con-
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elusive than accumulation or stimulation studies, were not conducted in 
this study as this was beyond the scope of this thesis and, to date, 
considerable difficulty has been encountered in producing active intra­
cellular enzyme preparations from cell-free extracts of S. aureus 
(Greaser, 1955). 
Ey means of transduction using phage 83, a genetic map was con­
structed which showed the sequence of loci in the visualized histidine 
operon of S. aureus (Figure 4). Prior to the genetic analysis, several 
conditions which influenced the frequency of transduction were examined. 
Those conditions which supported the maximum frequency of transduction 
were used throughout the transduction analyses. It was considered 
desirable to obtain the maximum frequency of transduction in all genetic 
studies to permit a high resolution of the fine structure. As a result 
of these studies, the multiplicity of infection was shown to be the 
most important factor affecting transduction frequency. The increase 
in the frequency of transduction observea -vath increasing multiplicities 
of infection up to a value of %0 was considered to be due to the in­
crease of the probability of infection. The decrease in the frequency 
of transduction at multiplicities of infection higher than 3.O suggested 
that the transducing phage might be a defective phage, capable of trans­
duction but incapable of causing lysis. It follows therefore, that an 
increase of the multiplicity of infection would both increase the prob­
ability of a single infection (e.£., by a defective phage) and increase 
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the probability of a double infection (e.£«, by a defective phage and 
normal phage). A single infection by a defective transducing phage 
would result in the production of a prototrophic colony if the his^ 
marker was incorporated into the recipient dircmosome» A double 
infection ty this defective transducing phage and a normal phage, how­
ever, would result in the lysis of the recipient. The extent that the 
transduction frequency is effected by lysis is uncertain as the ES agar 
Qjçîlcyed in transduction studies does not support any visible lysis of 
recipient cells by phage 83, It must be onphasized that the term 
multiplicity of infection, as used in this study, refers not to the 
actual number of phage particles infecting each cell; rather, it is 
based upon the numbers of phage particles available per viable cell. 
Three different methods were employed in the genetic analysis: 
the "best-fit" method (Hartman, Loper, and Serman, 19^0), the ratio 
test (Harianan, Loper, and Serman, I960), and a transduction analysis 
using the parent strain as donor (parent strain donor cross). All 
three methods produced identical sequences of loci. 
Mapping by the parent strain donor cross has not been previously 
reported. Such an analysis is possible only if a restricted region for 
crossover is located close to one end of the histidine qperon* One 
ejqslanation for the presence of a region of restricted crossover being 
close to one end of the histidine qperon would be that the histidine 
pperon is located dose to one end of a specific donor fragment. This 
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hypothesis is supported by Ozeki's theory (1959) that transducing frag­
ments carrying the same bacterial marker may be of the same size and 
terminate at specific points. This theory is based on tvo observations 
made in studies with phage PLT-22 and S. typhimurium as follows: (1) 
If a recipient strain carrying two linked markers A'b" (and having 
requirements for two nutrients A and B) is infected with phage from an 
A B donor and plated on minimal medium as wd.1 as on minimal media 
supplemented with either nutrient A or B» it is found that the number 
of prototrophic colonies obtained on media supplemented with either 
nutrient A or B is greater than the number obtained on minimal medium. 
This can be shown to be due to the presence of colonies of the genotg^e 
ATB"*" AMD A'^B", in addition to the colonies of the genolgrpe a'*b'*' appear­
ing on minimal medium* However» the number of abortive transductants 
obtained on all three media is essentially similar. Thus all abortive 
transductants carry both functional determinants and _B_ and there 
are none that carry either determinant alone. (2) In certain combina­
tions of linked genes, the ratio of the numbers of transduced cells of 
wild-type genotype to those of donor genotype is not constant in 
reciprocal crosses. This difference can be explained most siiiç)ly by 
assuming that one marker is always situated nearer to an extremity of 
the transducing Aragaent than is a seccaid marker. It also follows that 
mutant sites positioned at different distances from the extremity of 
the transducing fragment would be transduced at frequencies proportional 
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to their distance. Therefore, a sequence of loci can be determined from 
one end of the transducing fragnent. As indicated in Table 8, different 
phages or donors of S. aureus did not provide transducing fragments with 
significantly different dimensions, as evidenced by the failure of the 
ratio of transduction frequencies of three different loci to deviate. 
Amy major change in the point(s) of fragmentation of the donor chromo­
some would be expected to result in a marked change in the ratio of 
transduction frequencies of different loci. 
Other hypotheses may be proposed to account for a restriction in 
crossover at one end of the histidine operon; however, the hypothesis 
just described appears most attractive at the present time. 
The results of the genetic studies indicate that the sequence of 
genes controlling histidine biosynthesis is identical to the sequence 
of these same loci in S. typhimurium (Hartman, Lpper, and Serman, 196O), 
as shown in Figure 5* The sequence of genes in the histidine operon is 
essentially the same as the order of reactions in the bio^nthetic path­
way of L-histidine, with the exception of the first reaction lAich is 
controlled by the last gene. 
CoBÇ)l«nentation studies based on an abortive transduction analysis 
have divided the histidine operon of S. aureus into nine functional 
units. The presence of minute abortive colonies in crosses between 
various mutants is evidence of mutant sites located in different func­
tional units each of which may correspond to a portion of the DNA that 
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codes an entire enzyme or a moncmer polypeptide of a ccnçlex enzyme. 
A minute colony will develop if the transducing fragaent is not inte­
grated into the recipieit chromosome (Stocker, 195^) and is enable of 
complementing the recipient mutant site; if the transducing fragment 
possesses a mutant site (e»jg,, reciprocal transduction), this site must 
then be complemented by the recipient chromosome. Both the transducing 
fragment and the recipient chromosome must produce, together, all of 
the active biosynthetic enzymes of the L-histidine pathway. Therefore, 
if the donor and recipient mutants each contain a mutant site located / 
in the same functional unit then together thqy will not be able to 
produce normal active enzyme. 
The significance of ccnçlementation among the A mutants is uncertain 
and will require enzyme studies to show if the three complementation 
units represent different loci or complementation units within a locus. 
Complémentation within the G gene, although not previously reported in 
S, typhimurium, is supported by evidence of a subunit structure of the 
PR-ATP pyrophosphorylase enzyme (Ames, Martin, and Garry, 1961), 
Operator mutants found in S. typhimurium (Hartanan, Loper, and 
Serman, 1960) as deletions extending to the "right" of the G gene were 
not observed in S, aurais. However, such d^etions as found in S, 
typhimurium are very infrequent and may not be found in so few as 100 
histidine-dependent mutants of S, aureus. Until operator mutants are 
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discovered in S. aureus, reference made to the histidine operon is made 
•«ith the expectation, that operator mutants will be found in the future. 
However, no evidence concerning the structural genes is in conflict 
with this reference. 
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SUMMART 
Frcsa the histidine-independent strain 655 of Staphylococcus aureus, 
85 histidine-dependent mutants were obtained by means of ultraviolet 
irradiation aid a penicillin s^ection technique» These mutants were 
aiplqyed to obtain information concerning the pathway used by S. aureus 
for the biosynthesis of L-histidine, and to determine the genetic 
structure of the histidine operon of S. aureus. 
The pathway for the biosynthesis of L-histidine was tentatively 
determined by examining the Pauly-positive intermediates of histidine 
biosynthesis accumolated by each mutant, and ccnçaring the pattern of 
accumulation with that observed with previously characterized mutants 
of Salmonella typhimurium. The mutants of S. aureus were differentiated 
into 5 biochemical groups as follows : A mutants accumulated aminoimid-
azole carboxaraide riboside, B mutants accumulated imidazolegLyceroL, 
C mutants accumulated imidazoleacetol, and D mutants accumulated histi-
dinol. E mutants and G mutants were differentiated solely by genetic 
studies, as mutants of both groups failed to accumulate Pauly-positive 
ccnçounds. On the basis of accumulations of histidine-dependent mutants 
of S. aureus, and using the established pathway for L-histidine bio­
synthesis utilized by S^. typhimurium, the pathway utilized by S. aureus 
for the biosynthesis of L-histidine was demonstrated to be similar, if 
not identical, to that used in S. typhimurium. 
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The gene loci of the histidine operon of S. aureus were arranged 
in a sequence on the chranosane by means of transduction and three 
techniques of analysis. The "best-fit" method of analysis was based 
upon the relative numbers of prototrophic transductants (recombinants) 
obtained in reciprocal transductions among various mutants, Bie ratio 
test "was used to determine the ratio of prototrophic transductants 
(independent transduction) to donor-type transductants (joint trans­
duction) plus prototrophic transductants as a measure of the distance 
between two mutant sites. By using the parent strain as a donor, mutant 
sites were also arranged in à sequence based upon the rNative effi­
ciency with idiich each mutant was transduced to prototrcphy. In this 
instance t the frequency of transduction is believed to be a function of 
the distance separating aiy one mutant site from the end of the trans­
ducing fragment carried by phage 83, In all methods of analysis, the 
sequence of mutant sites determined was very similar. Moreover, the 
order of loci controlling L-histidine bioqmthesis as determined in 
S, aureus appears to be identical to the histidine operon of S, 
typhimurium. The histidine operon of S. aureus was separated into 9 
units of function based upon an abortive transduction analysis, A 
mutants represented 3 cooçleraentation units, ^ rtiile G mutants were 
represented by 2 complementation units. 
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